DEVELOPMENT OF UNDER-COORDINATED METAL ORGANIC POLYMERIC MATERIALS FOR HIGH CAPACITY HYDROGEN PHYSISORPTION by KAPIL PAREEK
 DEVELOPMENT OF UNDER-COORDINATED METAL 
ORGANIC POLYMERIC MATERIALS FOR HIGH 


















DEVELOPMENT OF UNDER-COORDINATED METAL 
ORGANIC POLYMERIC MATERIALS FOR HIGH 





(M.Tech., Indian Institute of Technology, Kharagpur, India) 




A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 
DEPARTMENT OF CHEMISTRY 







I hereby declare that this thesis is my original work and it has 
been written by me in its entirety, under the supervision of 
Assoc. Prof. Hansong Cheng, (in the Energy Materials 
Laboratory), Chemistry Department, National University of 
Singapore, between 2010 and 2014. 
I have duly acknowledged all the sources of information 
which have been used in the thesis. 




                                                    










I am greatly indebted to my advisor, Assoc. Prof. Hansong Cheng for his valuable guidance, 
continuously support and constructive suggestions throughout my PhD candidature. I greatly 
admire his guidance and wish to express my sincere gratitude for his support, patience and 
supervision at each and every stage of my PhD life. 
Many thanks to Asst. Prof. ZHAO Dan, Department of Chemical and Biomolecular 
Engineering, NUS for surface area analysis and pore size distribution measurements. I am 
also thankful to Mr. Wong How Kwong for helping me with the XPS analysis, Department of 
Physics, NUS. Also, many thanks to the all technicians and staff from EA, NMR, IR, TGA, 
XRD, and honours laboratories at the Department of Chemistry, NUS.  
 I also express my sincere thanks to the past and present members of our research group and 
all my friends who have shown their support for their invaluable and helpful discussions. 
Especially I am thankful to Mr. Rupesh Rohan, Mr. Zhang Qingfan, Dr. Cai Weiwei, Dr. Li 
Jing, Mr. Xi Yongjie, Mr. Li Ran, Mr. Xu Guodong, Dr. Zhang Yunfeng, Mr. Chen 
Zhangxian, and Mr. Li Wanchao for their support. 
Due acknowledgement has been made of the research work done by others in the literature on 
hydrogen storage materials over the years, by referring them appropriately in the respective 
chapters of the thesis.  
I also deeply appreciate National University of Singapore for awarding me a Research 
Fellowship for my PhD. 
I am grateful to my parents and my family members for their affection, encouragement and 
support. I am also indebted to my wife, Dr. Surbhi for a constant source of motivation, 
support and encouragement.  
Above all, I would like to thank the Almighty, for his kindness, grace and blessings 





























1.4 HYDROGEN STORAGE AT AMBIENT TEMPERATURE ...................................................... 31 




CHAPTER 2 EXPERIMENTAL TECHNIQUES ......................................................... 34 
2.1 ELEMENTAL ANALYSIS ................................................................................................. 35 
2.1.1 Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES) ............ 35 
2.1.2 CHNS Analyser .................................................................................................... 35 
2.2 THERMOGRAVIMETRIC ANALYSIS (TGA) ..................................................................... 36 
2.3 POWDER X-RAY DIFFRACTION (PXRD) ....................................................................... 36 
2.4 FOURIER TRANSFORM INFRARED SPECTROMETER (FTIR) ............................................ 38 
2.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) .......................................................... 38 
2.6 SCANNING ELECTRON MICROSCOPY (SEM) .................................................................. 40 
2.7 DENSITY MEASUREMENT .............................................................................................. 41 
2.8 SURFACE AREA MEASUREMENT .................................................................................... 42 
2.9 HYDROGEN STORAGE MEASUREMENT .......................................................................... 44 
2.9.1 Volumetric method ............................................................................................... 44 
2.9.2 Gravimetric Technique ........................................................................................ 46 
2.9.3 Temperature-programmed desorption (TPD) ....................................................... 48 
2.9.4 Hydrogen sorption experiments at commercial Gas Reaction Controller ............. 48 
2.10 HEAT OF ADSORPTION MEASUREMENT ....................................................................... 50 
2.11 ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY (EPR).................................. 52 
CHAPTER 3 CROSS-LINKED MELAMINE-TEREPHTHALDEHYDE                             
FRAMEWORK BASED ORGANO-METAL COMPLEX ............................................ 53 
3.1 INTRODUCTION ............................................................................................................ 54 
3.2 CROSS-LINKED MELAMINE-TEREPHTHALDEHYDE FRAMEWORK BASED ORGANO-IRON                           
COMPLEX ........................................................................................................................... 55 
3.2.1 Experimental ....................................................................................................... 55 
3.2.2 Results and Discussions ....................................................................................... 56 
3.2.2.1 Elemental Analysis (EA) ................................................................................... 56 
3.2.2.2 Thermal gravimetric analysis (TGA) ................................................................. 57 
3.2.2.3 Fourier transform infrared spectroscopy (FTIR)............................................... 58 




3.2.2.6 Surface area and pore size distribution analysis ............................................... 61 
3.2.2.7 Scanning electrochemical microscope (SEM) ................................................... 62 
3.2.2.8 Hydrogen storage measurement ........................................................................ 62 
3.2.2.9 Electron paramagnetic resonance spectroscopy (EPR) ..................................... 64 
3.3 CROSS-LINKED MELAMINE-TEREPHTHALDEHYDE FRAMEWORK BASED                                                         
ORGANO-CHROMIUM COMPLEX .......................................................................................... 66 
3.3.1 EXPERIMENTAL ......................................................................................................... 66 
3.3.2 RESULTS AND DISCUSSIONS ....................................................................................... 67 
3.3.2.1 Elemental analysis (EA) .................................................................................... 67 
3.3.2.2 Thermogravimetric analysis (TGA) ................................................................... 68 
3.3.2.3 Fourier transform infrared spectroscopy (FTIR)............................................... 69 
3.3.2.4 X-ray photoelectron spectroscopy (XPS) ........................................................... 70 
3.3.2.5 PXRD ................................................................................................................ 71 
3.3.2.6 Surface area and pore size distribution analysis ............................................... 72 
3.3.2.7 Scanning electrochemical microscope (SEM) ................................................... 73 
3.3.2.8 Hydrogen storage measurement ........................................................................ 73 
3.3.2.9 Electron paramagnetic resonance spectroscopy (EPR) ..................................... 75 
3.4 CROSS-LINKED MELAMINE-TEREPHTHALDEHYDE FRAMEWORK BASED                                                         
ORGANO-MAGNESIUM COMPLEX ........................................................................................ 76 
3.4.1 EXPERIMENTAL ......................................................................................................... 76 
3.4.2 RESULTS AND DISCUSSIONS ....................................................................................... 77 
3.4.2.1 Elemental analysis (EA) .................................................................................... 77 
3.4.2.2 Thermogravimetric analysis (TGA) ................................................................... 78 
3.4.2.3 Fourier transform infrared spectroscopy (FTIR)............................................... 79 
3.4.2.4 X-ray photoelectron spectroscopy (XPS) ........................................................... 80 
3.4.2.5 PXRD ................................................................................................................ 81 
3.4.2.6 Surface area and pore size distribution analysis ............................................... 81 
3.4.2.7 Scanning electrochemical microscope (SEM) ................................................... 82 
viii 
 
3.4.2.8 Hydrogen storage measurement ........................................................................ 83 
3.5 CONCLUSION ............................................................................................................... 84 
CHAPTER 4 CROSS-LINKED PHLOROGLUCINOL-TEREPHTHALDEHYDE             
FRAMEWORK BASED ORGANO-METAL COMPLEX ............................................ 85 
4.1 INTRODUCTION ............................................................................................................ 86 












4.2.2.9 Electron paramagnetic resonance spectroscopy (EPR) ..................................... 94 
4.3 CROSS-LINKED PHLOROGLUCINOL-TEREPHTHALDEHYDE FRAMEWORK BASED                                           
ORGANO-CHROMIUM COMPLEX .......................................................................................... 96 
4.3.1 EXPERIMENTAL ......................................................................................................... 96 
4.3.2 RESULTS AND DISCUSSIONS ....................................................................................... 97 
4.3.2.1 Elemental analysis (EA) .................................................................................... 97 
4.3.2.2 Thermogravimetric analysis (TGA) ................................................................... 98 
4.3.2.3 Fourier transform infrared spectroscopy (FTIR)............................................... 99 
4.3.2.4 X-ray photoelectron spectroscopy (XPS) ......................................................... 100 
4.3.2.5 PXRD .............................................................................................................. 101 
4.3.2.6 Surface area and pore size distribution analysis ............................................. 101 
4.3.2.7 Scanning electrochemical microscope (SEM) ................................................. 102 
ix 
 
4.3.2.8 Hydrogen storage measurement ...................................................................... 103 
4.3.2.9 Electron paramagnetic resonance spectroscopy (EPR) ................................... 104 
4.4 CROSS-LINKED PHLOROGLUCINOL-TEREPHTHALDEHYDE FRAMEWORK BASED                                          
ORGANO-MAGNESIUM COMPLEX ...................................................................................... 106 
4.4.1 EXPERIMENTAL ....................................................................................................... 106 
4.4.2 RESULTS AND DISCUSSIONS ..................................................................................... 107 
4.4.2.1 Elemental analysis (EA) .................................................................................. 107 
4.4.2.2 Thermogravimetric analysis (TGA) ................................................................. 108 
4.4.2.3 Fourier transform infrared spectroscopy (FTIR)............................................. 109 
4.4.2.4 X-ray photoelectron spectroscopy (XPS) ......................................................... 110 
4.4.2.5 PXRD .............................................................................................................. 111 
4.4.2.6 Surface area and pore size distribution analysis ............................................. 111 
4.4.2.7 Scanning electrochemical microscope (SEM) ................................................. 112 
4.4.2.8 Hydrogen storage measurement ...................................................................... 113 
4.5 CONCLUSION ............................................................................................................. 114 
CHAPTER 5 IONIC SOLID COMPOUNDS .............................................................. 115 
5.1 INTRODUCTION .......................................................................................................... 116 
5.2 PHENOL BASED IONIC SOLID (PH-INS) COMPOUND ..................................................... 116 
5.2.1 Experimental ..................................................................................................... 116 
5.2.2 Results and Discussions ..................................................................................... 117 
5.2.2.1 Elemental Analysis (EA) ................................................................................. 117 
5.2.2.2 Thermal gravimetric analysis (TGA) ............................................................... 117 
5.2.2.3 Fourier transform infrared spectroscopy (FTIR)............................................. 118 
5.2.2.5 PXRD .............................................................................................................. 119 
5.2.2.6 Surface area and pore size distribution analysis ............................................. 119 
5.2.2.7 Scanning electrochemical microscope (SEM) ................................................. 120 
5.2.2.8 Hydrogen storage measurement ...................................................................... 121 




5.3.2 RESULTS AND DISCUSSIONS ..................................................................................... 123 
5.3.2.1 Elemental analysis (EA) .................................................................................. 123 
5.3.2.2 Thermogravimetric analysis (TGA) ................................................................. 124 
5.3.2.3 Fourier transform infrared spectroscopy (FTIR)............................................. 125 
5.3.2.5 PXRD .............................................................................................................. 125 
5.3.2.6 Surface area and pore size distribution analysis ............................................. 126 
5.3.2.7 Scanning electrochemical microscope (SEM) ................................................. 127 
5.3.2.8 Hydrogen storage measurement ...................................................................... 127 
5.5 CONCLUSION ............................................................................................................. 130 









The depletion of fossil fuel has provided the impetus for setting up a sustainable energy 
system. Because of the abundance that such a system affords high energy output and zero 
carbon dioxide emission, hydrogen is recognized as the most feasible energy carrier for the 
future energy system. To utilize hydrogen as a fuel for transportation, a safe and efficient 
storage medium is needed. The objective of this research was to propose hydrogen storage 
materials at near ambient temperature condition via physical adsorption process with a high 
heat of adsorption. 
In Chapter 1 and Chapter 2, contemporary hydrogen storage materials and experimental 
techniques are introduced, respectively. 
In Chapter 3, cross-linked melamine-terephthaldehyde framework (MTF) functionalized with 
exposed metal sites are discussed. The synthesized MTF-Fe, MTF-Cr and MTF-Mg 
compounds possess high thermal stability (> 400oC), comparable to the reported values of the 
MOF materials, (300-500 oC) and metal hydrazide gel materials (300-500 oC). [1-4] 
Furthermore, MTF-M (M=Fe, Cr and Mg) materials show a moderate BET surface area 
ranging from 100 to 200 m2/g, comparable to the surface area of the metal hydrazide gel 
materials (90-550 m2/g). [1-4] The excess hydrogen storage capacities of the MTF-Fe, MTF-
Cr and MTF-Mg materials are found up to 1.7, 1.8 and 0.8 wt% at 298K and 100 atm, 
respectively, higher than the reported capacities of many open metal sites MOFs, zeolites, 
and porous carbon based adsorbents, and comparable to the capacities of the metal hydrazide 
gel materials. [1-9] The high hydrogen capacities are attributed to the exposed metal sites of 
the MTF materials, well supported by the high isosteric heat of adsorption found up to 14.8, 
14.5 and 14.6 kJ/mol for the MTF-Fe, MTF-Cr and MTF-Mg materials, respectively. In 
addition, for the MTF-Fe and the MTF-Cr material, the metal hydrogen interaction was 
xii 
 
further confirmed by electron paramagnetic resonance (EPR) spectroscopy. The MTF-Fe, 
MTF-Cr and MTF-Mg materials show an excess hydrogen uptake of 2.2, 2.5 and 1.5 wt% at 
77K and 100 bar, respectively,  mainly due to low surface area of the MTF materials.  
In Chapter 4, cross-linked phloroglucinol-terephthaldehyde framework (PTF) functionalized 
with exposed metal sites are discussed. Like MTF-M materials, the synthesized PTF-Fe, 
PTF-Cr and PTF-Mg compounds also own high thermal stability (> 400 oC) and a moderate 
BET surface area ranging from 95 to 150 m2/g. The surface area of the PTF-M (M=Fe, Cr 
and Mg) materials is found lower than most of the MOFs, zeolites and porous carbon based 
adsorbents but comparable to the metal hydrazide gel materials. [1-4] The excess hydrogen 
storage capacities of the PTF-Fe, PTF-Cr and PTF-Mg materials are found up to 1.58, 2.0 and 
0.5 wt% at 298K and 100 atm, respectively. The excess hydrogen uptake of 2.0 wt% at 298K 
and 100 atm for the PTF-Cr is the highest uptake found to date, among the contemporary 
storage materials under the similar condition of the temperature and pressure. [1-9]  The high 
hydrogen capacities of the PTF-M materials are supported by the high isosteric heat of 
adsorption found up to 13.4, 15.5 and 13.2 kJ/mol for the PTF-Fe, PTF-Cr and PTF-Mg 
materials, respectively. In addition, for the PTF-Fe and the PTF-Cr material, the metal 
hydrogen interaction was further validated by electron paramagnetic resonance (EPR) 
spectroscopy. The PTF-Fe, PTF-Cr and PTF-Mg materials show an excess hydrogen uptake 
of 2.0, 2.5 and 0.8 wt% at 77K and 100 bar, respectively,  mainly due to low surface area of 
the PTF materials.  
In Chapter 5, ionic solid (INS) compounds functionalized with exposed magnesium metals 
are discussed. The synthesized Ph-INS and Phl-INS compounds show thermal stability about 
160 oC and 176 oC, respectively. The surface area of the Ph-INS and Phl-INS compounds is 
found up to 165 and 115 m2/g, respectively, comparable to the reported values for the metal 
hydrazide gel materials. [2, 3, 10]The Ph-INS and Phl-INS compounds show excess 
xiii 
 
hydrogen storage capacities up to 0.23 and 0.9 wt%, respectively, comparable to the 
hydrogen storage capacities of many open metal site MOFs and metal hydrazide gel 
materials. [1-4] The hydrogen uptake capacities are well supported by the isosteric heat of 
adsorption calculated up to 6 and 12 kJ/mol for the Ph-INS and Phl-INS compounds, 
respectively. Similar to the MTF-M and PTF-M materials, the Ph-INS and Phl-INS 
compounds show excess hydrogen uptake of 0.5 and 1.5 wt% at 77K and 100 atm due to 
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The depletion of fossil fuel has compelled scientists to set a sustainable energy system. 
Because of the abundance that such a system can afford high energy output and zero carbon 
dioxide (CO2) emission, when used in energy converting devices, such as fuel cells and 
internal combustion engines, hydrogen is recognized as the most feasible energy carrier for 
the future energy system. [11] To utilize the hydrogen related technologies for vehicular 
applications, hydrogen storage in a compact form, rapid refilling, safe and easy production, 
and affordability, are the main essentials which have to be fulfilled. [12]  
In the first two sections of this chapter, a general background of hydrogen storage and 
vehicular hydrogen storage targets are discussed. An extensive literature review on 
contemporary hydrogen storage materials followed by a discussion on the need of ambient 
temperature hydrogen storage materials, are provided in the next two sections. The 
motivation and the objectives of this research are addressed in the last section of the chapter. 
 
1.1	General	Background:	Hydrogen	Storage	
Hydrogen has long been widely recognized as one of the most efficient and clean energy 
carriers. [12] A comparison of hydrogen with other conventional fuels is tabulated in Table 
1.1. Hydrogen has the highest gravimetric energy density of 120 MJ/kg. [11] However, 
hydrogen possesses lower volumetric energy density due to  its low density of 0.089 g/L at 
standard temperature and pressure (STP), which can be  improved by  use of  the 
conventional technologies in which hydrogen is either  cooled at a cryogenic temperature or 
compressed at very high pressure up to 350-700 bar. [12, 13] The bright future of hydrogen 
related technologies has provided a motivation to develop new hydrogen storage materials 
which can match up with current fossil fuel based technology.  
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In this context, based on the performance of gasoline powered vehicle, performance targets 
for the hydrogen storage materials are set by United States Department of Energy (US DOE) 
to achieve similar performance and cost level as competitive vehicles [Table 1.2]. 
 







Lower heating value (kWh/Kg) 33.33 13.9 12.4 
Self-ignition temperature (oC) 585 540 228-501 
Flame temperature (oC) 2.045 1.875 2.200 
Ignition limits in air (Vol%) 4-75 5.3-15 1.6-7.6 
Minimal ignition energy (mWs) 0.02 0.29 0.24 
Flame propagation in air (ms-1) 2.65 0.4 0.4 
Diffusion coefficient in air (cm2/s) 0.61 0.16 0.05 




In order to use hydrogen in the hydrogen-powered vehicles, ‘on-board hydrogen storage 
system performance targets’ were set by United States Department of Energy (US DOE), 
U.S. Council for Automotive Research and the energy & utility companies. US DOE has 
defined two targets: system level targets and ultimate targets. The storage capacity can be 
expressed as a weight percentage (gravimetric capacity) or hydrogen stored per unit volume 
(volumetric capacity). The storage capacities of 1.8 kWh/kg (5.5 wt% hydrogen) and 1.3 
kWh/L (0.040 kg hydrogen/L) have been set as system level targets for 2015. In addition, the 
ultimate targets have been fixed up to 2.5 kWh/kg system (7.5 wt.% hydrogen) and 2.3 
kWh/L (0.070 kg hydrogen /L). [12]  Many scientists all over the world have been working 
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to achieve these on-board hydrogen storage targets in order to use hydrogen in hydrogen-
powered vehicles.[14] 
 
Table 1.2: High level storage system targets for light-duty vehicles. 
Storage parameter 
 
2015 target Ultimate target 
System gravimetric density (wt%) 5.5 wt% 
(1.8 kWh/kg)  
7.5 wt% 
(2.5 kWh/kg) 




System fill time for 5-kg fill, min  






Min/max delivery temperature 








Hydrogen stores a large amount of chemical energy compared to liquid hydrocarbons. Unlike 
the liquid hydrocarbons, hydrogen exists as a low density gas at atmospheric pressure. It can 
be stored conventionally at cryogenic temperature as a liquid or compressed to high pressure 
as a gas at ambient temperature.  Alternatively, hydrogen can be stored on the surface of a 
solid material by adsorption (physisorption) or within a solid material by absorption 
(chemisorption) [Fig. 1.1]. [15] In physisorption, hydrogen is attached to the surface of a 
material as hydrogen molecules via weak van der Waals interactions. On the other hand, in 
chemisorption, hydrogen is dissociated into H-atoms, and then the H-atoms are incorporated 
into the solid lattice framework. A brief comparison between physisorption and 
chemisorption is tabulated in Table 1.3 as well as described in Fig. 1.1. 
Table 1.3: Comparison of physisorption and chemisorption. 
Physisorption Chemisorption 
Occurs only at the temperature below the 
boiling point of the adsorbate  
Can occur at all temperatures 




The adsorbed amount increases when the 
pressure of adsorbate is increasing 
Pressure is insignificant 
The adsorbed amount depends more on the 
nature of the adsorbate than the adsorbent 
(surface). 
The adsorbed amount depends on both the 
nature of the adsorbent and the adsorbate 
Appreciable Activation energy is not 
required 
Significant activation energy maybe involved 
in the process. 
Multilayer adsorption occurs Only monolayer
 
 
Figure 1.1: Conventional hydrogen storage in the form of cryogenic liquid or compressed gas 
and materials based hydrogen storage via chemisorption or physisorption. 
1.3.1	Conventional	hydrogen	storage	
1.3.1.1	High	pressure	gas	storage	
Currently, the most common hydrogen storage technique is to store hydrogen in a highly 
pressurised gas cylinder. The gas cylinders are made of light weight composite materials. 
Generally, the highly pressurised gas cylinder consists of a liner which can be made of 





Figure 1.2: High pressure hydrogen storage tank developed by Quantum Technologies. 
 
Composite cylinders are normally used to store hydrogen at high pressure up to 700 bar. The 
gravimetric storage capacity of a 700 bar cylinder is up to 4.5 wt%. However, the volumetric 
capacity is found only up to 0.025 kg H2/liter. The volumetric capacity can be improved by 
further increasing the hydrogen pressure, but the high pressure compression requires some 
energy penalty. Furthermore, many practical and safety concerns are associated with 
refuelling of vehicles at very high pressure. This is the main reason for using only 350 bar 
tanks for most of the demonstration vehicles by the automobile companies.  In addition, the 
cylindrical shape of the hydrogen tank is not suitable to be fitted into a light heavy vehicle 
(LHV). Alternative shapes are also being under investigation to be utilized in a LHV.   
In a nutshell, compressed gas storage is a relatively cheap solution (only at low pressure) to 
store hydrogen for stationary applications. However, for the on-board application, it is not 
suitable due to high cost of the composite gas cylinders and potential safety concerns with 
high pressure. Also, the compressed gas cylinders are too large to accommodate in a LHV.  
	
1.3.1.2 Liquid Hydrogen 
Storing hydrogen in liquid form to achieve very high volumetric capacity up to 0.0708 kg/l is 
another mature technology. [14] Hydrogen has boiling point of 20K at 1 atm. To maintain 
20K temperature of liquid hydrogen in a storage tank is a challenging task due to boil-off of 
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hydrogen from thermal conduction and thermal radiation from the surroundings. The boil-off 
can be reduced by designing a proper cryo-store.  Nonetheless, liquid hydrogen tanks also 
have some other issues, such as high energy requirement for hydrogen liquefaction, excess 
volume, heavy weight and high tank cost. [14] Typically, up to 30 % of the heating value of 
the hydrogen is needed for hydrogen liquefaction. Also, during refuelling of the liquid 
hydrogen tank, delivery tubes and internal walls are needed to be cooled, which lead further 
evaporation of hydrogen.  
The BMW has demonstrated the use of liquid hydrogen tanks in a dual-fuel ICE vehicles. In 
order to decrease an energy penalty for liquefaction of hydrogen, a hybrid tank concept 
combining both high-pressure gaseous and cryogenic storage is under investigation. The 
hybrid tank is a light weight tank which does not require low temperature condition to store 
hydrogen, as required for liquid hydrogen tank. Thus, a less energy penalty and less 
evaporation losses occurred.   
 
 








Interstitial hydrides are formed when d-block and f-block elements, their alloys, and 
intermetallic compounds are treated with molecular hydrogen.  The molecular hydrogen 
dissociates into atomic hydrogen under certain condition of temperature and pressure on the 
surface of the host. The atomic hydrogen subsequently enters into the bulk via diffusion 
between interstitial sites. Hydride can exist in the form of ionic, polymeric, covalent, volatile 
covalent, and metallic hydrides (Fig. 1.4). 
 
 
Figure 1.4: Table of elements forming ionic, covalent or metallic binary hydrides when react 
with molecular hydrogen.  
 
The formation or decomposition enthalpies (ΔH) of hydride materials depend upon the 
stability of their hydrides. For instance, stable hydrides have a very high ΔH value while 
unstable hydrides have a low ΔH value. In addition, when two or more metallic elements are 
combined together, the resultant alloy or intermetallic hydride shows intermediate stability.  
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In this section, different types of interstitial hydrides, including intermetallic compounds and 
binary hydrides, are discussed. 
 
Intermetallic compounds 
These materials are ordered stoichiometric compounds formed by two metallic components, 
A and B. The resultant intermetallic hydride has the formula of AmBnHz, where m and n are 
integers and z is a real number. The resultant enthalpy of formation ΔHAB remains 
intermediate of enthalpy of each hydrides (ΔHA< ΔHAB< ΔHB), and depends on and the ratio 
of n/m.  
The metallic components A and B can be fully or partially substituted by other similar size 
elements. Many intermetallic compounds with different stoichiometries have been explored 
for the hydrogen storage application. These materials can be distinguished by their different 
stoichiometries, such as AB5, A2B7, AB3, AB2, AB and AB2. [16, 17] 
 
AB5 Compounds 
AB5 type intermetallic compounds can be formed by combination of many elements where A 
can be either one or more lanthanides or Ca or Y, Zr, and B can be a series of elements 
including Co, Al, Mn, Fe, Cu, Sn, Si, and Ti, in the form of full or partial constituents. [17, 
18] 
AB5 intermetallic compounds have been studied extensively for hydrogen storage 
application. The hydrogen storage capacities and corresponding enthalpies for a series of 
intermetallic compounds are tabulated by Ivey and Northwood. [19] In addition, 477 records 
for AB5 compounds are available at Sandia national Laboratory (US) Metal Hydride 
Properties Database. [20] 
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One of the famous examples of AB5 type intermetallic compounds is LaNI5. LaNI5 has the 
enthalpy of formation up to -15.7 kJ/mol, and it readily forms a hydride under moderate 
hydrogen pressure and ambient temperature. It has the enthalpy of decomposition of 15.1 
kJ/mol, and shows a reversible gravimetric hydrogen storage capacity of 1.25 wt%. [17]  
However, including LaNI5 and some other AB5 type compounds, such as CaNi5, can lose their 
hydrogen cyclic stability upon disproportionation. In order to solve this issue, these AB5 type 
intermetallic compounds have been partially modified to reduce the disproportionation. In 
this context, for LaNi5, Sn has been found the most effective substituent with a composition 
of LaNi5-xSnx [x = 0.2]. [21]  
As can be seen, the gravimetric hydrogen capacities of these compounds are lower than the 
US DOE targets. However, AB5 intermetallic compounds seem to be promising materials due 
to their remarkable cyclic properties, excellent resistance to gaseous impurity, good long 
term stability, and a high volumetric storage capacity.   
 
AB2 Compounds 
According to Sandrock, [17] AB2 compounds can be formed from the combination of many 
different elements, where A can be a group 4 elements (Ti, Zr, Hf) or lanthanoids, and B can 
be a transition or non-transition metal, with a preference for V, Cr, Mn and Fe. In addition, 
Feng et al. [22] also summarized the elements of interest which can be utilized as A and B in 
AB2 type compounds. Currently, the Sandia database [23] includes 625 records of AB2 type 
compounds.  
Many AB2 type compounds have been explored for the hydrogen storage application. 
Bowman and Fultz [24] demonstrated the effect of non-stoichiometry using Zr-Mn-H system 
on plateau pressure and reversible hydrogen storage capacity. In 1980s, a non-stoichiometric 
hydrogen storage compound Ti0.98Zr0.02Cr0.05V0.43Fe0.09Mn1.5 was used in a fleet of Daimler 
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vans and automobiles. [24] These AB2 type compounds show fast kinetics and good long 
term cyclic stability. However, the gravimetric hydrogen storage capacities are well below 
from the set targets.  
 
Binary Hydrides 
MgH2 is the most famous binary hydrides, which has been explored extensively in the 
literatures for the hydrogen storage application. MgH2 has a gravimetric hydrogen capacity 
of 7.66 wt%. In addition, it has a high thermodynamic stability (ΔH = -75 kJ/mol H2). 
Nevertheless, kinetics for the hydride formation and decomposition for MgH2 is slow for the 
practical application. [25-27] The kinetics of hydride formation and decomposition for MgH2 
can be improved by mechanical milling of MgH2 with and without catalytic additives. Huot 
et al. [26] demonstrated the effect of intense milling on the kinetics of hydride formation and 
decomposition for MgH2 while  Zaluska et al. [28] demonstrated the enhanced kinetics in 
nano-scale processing of metal hydrides. Alternatively, the enhanced kinetics can also be 
achieved by nanoscale magnesium or electrochemical synthesis method, as reported by Gross 
et al., [29] and Aguey-Zinsou and Ares-Fernandez, [30] respectively.  
With regards to the catalytic enhancement of hydride formation and desorption kinetics, 
Nb2O5 has been found to be the most suitable catalyst to date. Hydrogen desorption kinetics 
obtained by using various metal oxide catalyst are discussed by Barkhordarian, G., et al. [31] 
However, the likely reason for this catalytic enhancement is not clear yet.  
 
Other than MgH2, the two other binary hydrides AlH3 and PdHx have also been studied 
extensively for hydrogen storage application. [32-34] AlH3 shows a high gravimetric storage 
capacity of 10.1 wt%. Nevertheless, AlH3 is non-reversible and decomposes at high 
temperature, and thus, required off-board regeneration. On the other hand, palladium based 
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hydride is not a practical solution for the hydrogen storage due to its high operating 
temperature, low gravimetric storage capacity, and high cost.  
 
1.3.2.2	Complex	Hydride	
Complex hydride covers a wide variety of compounds including alanates, nitrides, and 
borohydrides. In complex hydrides, atomic hydrogen binds to the bulk of storage materials 
via either ionically or covalently, in which hydrogen delivers upon decomposition of host 
into two or more components. Complex hydrides are generally formed by alkali or alkaline 
earth metals and [AlH4]-, [NH2]- and [BH4]- anionic hydrides. 
 
Alanates 
Alanates are aluminohydride materials. NaAlH4 is a prototype of hydrogen storage material 
of this category. The structure of NaAlH4 consists of sodium atoms surrounded by AlH4- 




The first step occurs between 210-220 oC and the second step occurs at 250 oC. In addition, 
the dehydrogenation of NaH is little difficult which occurs above 425 oC. The two steps 
decomposition of NaAlH4 results in the isotherms with two plateaus, as demonstrated by 
Dymova et al. [35] Due to slow desorption kinetics, irreversibility of reaction, and instability 
of hydrides, make NaAlH4 impractical for the on-board hydrogen storage application. In 
1990s, Bogdanovic and Schwickardi [36] discovered remarkable effect of TiCl3 on 
reversibility and hydrogenation process of the alanates. Jenson et al. [37, 38] subsequently 
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suggested that further improvement can be achieved by mechanical mixing of alanate with 
dopant compounds. After doping with TiCl3, NaAlH4 readily desorb hydrogen at 120 oC, and 
rehydrogenated at 170 oC and 15 MPa hydrogen pressure. [39] Other than TiCl3, many 
effective dopants, including ScCl3, CeCl3, and PrCl3 have been identified. [37, 40]  
Many other alanates have also been studied for hydrogen storage including LiAlH4, KAlH4, 
Mg(AlH4)2 and Ca(AlH4)2 with the gravimetric hydrogen storage capacities of 10.54, 5.71, 
9.27, and 7.84 wt%, respectively. In addition, many mixed alanates have also been reported 
in literature for hydrogen storage including Na2LiAlH6, K2NaAlH6, K2LiAlH6, LiMg(AlH4)3, 
[33, 41] Mg–Li–Al–H, [42] Mg–Ca–Al–H, Li–Ca–Al–H, Na–Ca–Al–H, [43] Mg–Na–Al–H, 
Mg–K–Al–H, and Ca–K–Al–H. [44] 
 
Nitrides, Amides and Imides 
Chen et al. [45] demonstrated first time the potential hydrogen storage application of Li-N-H 
system. The system forms three stoichiometric ternary compounds: lithium imide (Li2NH), 
lithium amide (LiNH2) and lithium nitridehydride (Li4NH). In the sequential 
dehydrogenation and rehydrogenation of LiNH2, the first and second reactions produce 5.5 
and 5.2 wt% hydrogen, respectively.  
 
However, the dehydrogenation of imide requires high vacuum and high temperature above 
600K. Only reaction between imide and amide is reversible under moderate condition. 
Therefore, LiNH2 shows reversible gravimetric capacity of 6.5 wt%. In order to decrease the 
dehydrogenation temperature of LiNH2 system, partial substitution of Li with more 
electronegative element was proposed by Nakamori, Y. and S. Orimo. [46, 47] After partial 
Mg substitution, the dehydrogenation temperature of LiNH2 system reduced down from 277 
oC to 100 oC. [48] In (Li-Mg)NH2 system, it was observed theoretically that bonding nature 
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of Li-N and N-H is same, but after partial Mg substitution, the bond strength of N-H reduces. 
[49-51] 
 
Apart from LiNH2, many other similar materials have also been investigated for the hydrogen 
storage application, including ternary compounds Mg(NH2)2, RbNH2, CsNH2, and Ca-N-H 
system, as well as higher systems, such as Li–Ca–N–H, Li–Al–N–H, Na–Mg–N–H, Na–Ca–
N–H, Mg–Ca–N–H and Li–Mg–Ca–N–H. [52] As it has been demonstrated that these 
materials have very high gravimetric storage capacities, but there are some issues that must 
be addressed such as high hydrogenation-dehydrogenation temperatures, moisture sensitivity, 
and evolution of ammonia during dehydrogenation, in order to utilize them for practical 
application. [53, 54] The evolution of ammonia damages the PEM fuel cell membrane and as 





In 1940, Schlesinger and Brown [55] firstly reported the synthesis of pure alkali metal 
borohydrides. Borohydrides compounds show the highest gravimetric hydrogen storage 
capacities among all the complex hydrides. For instance, LiBH4 contains 18.5 wt% hydrogen, 
which evolves during the decomposition of LiBH4. The decomposition reaction proceeds as 
follows: 
 
According to Orimo et al., [52] the decomposition temperature of LiBH4 is too high for 
practical application. Among all four hydrogen atoms of LiBH4, three hydrogen atoms are 
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released upon melting at 280 oC with an enthalpy of decomposition of -88.7 kJ mol-1 H2. The 
remaining hydrogen in the form of LiH can only be released above a temperature of 727 oC. 
The overall dehydrogenation reaction of LiBH4 is reversible, but its rehydrogenation requires 
a high temperature of 600 oC and 35 MPa hydrogen pressure or 690 oC temperature and 20 
MPa hydrogen pressure. Thus, it requires an off-board regeneration.  However, the 
decomposition temperature of LiBH4 can be reduced to approximately 100K upon using 
additives such as SiO2, as demonstrated by Zuttel et al. [56, 57] According to them, [58] SiO2  
can act as a catalyst to reduce the decomposition temperature of LiBH4.  
Apart from LiBH4, a number of other borohydrides have also been investigated for both high 
gravimetric and volumetric hydrogen storage capacities. For instance, the gravimetric 
hydrogen storage capacity of NaBH4, KBH4, and Mg(BH4)2 were reported up to 10.6, 7.4, 
and 14.8 wt%, respectively. Though, these borohydrides materials have a high hydrogen 
storage capacities, but there theoretical hydrogen capacitates are difficult to be achieved 
reversibly under moderate conditions of temperatures and pressures. In addition, 
borohydrides are moisture sensitive, [59] and according to Eberle et al., [60] these 
borohydrides may generate a trace amount of boranes which could lead to loss in the 
hydrogen storage capacity and as well as may deteriorate  the fuel cell membrane.   
 
1.3.2.3	Hydrogen	Spillover	
In the hydrogen spillover process, molecular hydrogen dissociates on catalytically active 
metal species and subsequently is adsorbed indirectly to the solid state support (receptor). 
The spillover of dissociated hydrogen is possible only in the presence of catalytically active 
metal species otherwise, it would be thermodynamically unfavourable.  To facilitate the 
hydrogen spillover, a porous solid state material doped with catalytic nanoparticles for 
hydrogen dissociation is required.  This phenomenon has been proposed to enhance the 
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hydrogen storage capacity of porous materials at ambient temperature. The direct doping of 
receptor with the catalyst is called primary spillover [Fig. 1.6]. [61, 62] In addition, the 
physical mixture of the supported catalyst with secondary receptor material and the use of 
carbon-bridge between the catalyst and the receptor is called secondary spillover [Fig. 1.5]. 
[63] In the primary spillover, the material performance depends upon experimental variables 
such as efficiency of metal doping, dispersion, and the resulting carbon-metal interface. On 
the other hand, secondary spillover is more efficient as a result of reduces the number of 
experimental variables. 
 
Figure 1.5: Primary spillover of hydrogen from catalytic metal particle to the support and 
secondary spillover from the support to the receptor. 
 
Hydrogen storage on carbon by spillover 
The use of a catalytic metal source and a receptor is an effective method to enhance the 
hydrogen storage capacity of carbon materials at near ambient temperature. The simple 
mixing of the metal source and a receptor depends on many factors, including particle size, 
sample amount, and grinding time [63] and by changing in these factors, may result different 
connectivities between particles, thus, may lead to poor reproducibility. Alternatively, the 
catalytic metal precursor can also be introduced by chemical-doping.  Unlike the simple 
mixing, the chemical-doping is more reproducible. Several studies have discussed about the 
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enhancement of hydrogen uptake capacity of nanostructured carbon upon doping with 
transition metals. [64-67]  
Back et al. [64] investigated the effect of particle size and doping levels of palladium (Pd) 
metal  in  the sepolite-derived carbon nanofibers (SDCNs).The results confirmed that the 
hydrogen storage capacity depends on the Pd particle size and its loading. The maximum 
hydrogen uptake of 0.59 wt% at 298K and 90 bar was shown by the 3 wt% Pd-doped SDNC. 
Anson et al. found that the hydrogen uptake capacity of palladium-loaded MAXSORB 
activated carbon enhanced up to 0.7 wt % at 90 bar, [65] while the hydrogen storage capacity 
of MAXSORB activated carbon without palladium was 0.42 wt% at 90 bar. Bettahar et al. 
investigated the effect of metal loading and temperatures of pre-treatment on nickel catalyst 
supported amorphous activated carbon. [66]  
Despite the use of metal catalyst supported on various nanostructured carbon materials, the 
reversible hydrogen storage capacity of these materials is found to be below than 1.0 wt % at 
high pressure and near ambient temperature.  
 
Hydrogen storage on MOFs by spillover 
Similar to nanostructured carbon materials, hydrogen storage at room temperature on MOFs 
can also be enhanced by using secondary spillover. Hydrogen spillover on MOFs were firstly 
investigated on MOF-5 (IRMOF-1) and IRMOF-8. In the case of MOF-5, (IRMOF-8) the 
secondary spillover receptor and the catalyst (Pt/AC) were physically mixed in the ratio of 
1:9. Pure MOF-5 has shown the hydrogen storage capacity of 0.4 wt % at 298K and 10 MPa. 
[68, 69] On the other hand, after mixing MOF-5 with the catalyst, the hydrogen storage 
capacity was enhanced up to 1.5 wt% at 10 MPa. [68, 69]  
In the secondary spillover, a high energy barrier for diffusion of catalyzed hydrogen atoms 
exist. Therefore, the secondary spillover necessitates close contact between two unlike 
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materials.  The storage capacity of the MOFs via spillover can be enhanced by using the 
bridge-building technique, as demonstrated in nanostructured carbon materials. [70] Li, Y. 
and R.T. Yang demonstrated the bridge-building techniques in MOFs. [71]   
In comparison to pure IRMOF-1, bridged IRMOF-1 showed enhanced hydrogen adsorption 
uptake of 3 wt% at 10 MPa. Similar enhancement was observed on bridged IRMOF-8 where 
hydrogen uptake capacity was increased from 0.5 wt % (pure IRMOF-8) to 4 wt% at 10 
MPa. The enhancement indicates that the bridges allow secondary spillover of hydrogen 
atoms from the metal catalyst to the MOF. 
1.3.2.4	Polycyclic	aromatic	Hydrocarbons	(PAH)	
Unsaturated organic molecules including olefins and polycyclic aromatic hydrocarbons 
(PAH) can produce a significant amount of hydrogen via catalytic dehydrogenation-
hydrogenation over metal catalyst. The process of catalytic dehydrogenation-hydrogenation 
is deeply ingrained in chemical and petroleum-refining industries.  Dehydrogenation of 
hydrocarbons seems to be very attractive methodology due to its reversibility and only 
hydrogen and dehydrogenated hydrocarbons are produced in this reaction.  
Many hydrocarbons including cyclohexane, methylcyclohexane, decaline, and 
heteroaromatics, such as carbazole or benzoquinone have been explored extensively for 
hydrogen storage application. Generally, these materials show the hydrogen storage 
capacities in the range of 6-8 wt%. The general properties of a series of hydrocarbons are 


























Benzene C6H6 78.11 7.6 5.5 80.1 
Toluene C7H8 92.14 8.6 -93 110.6 
Naphthalene C10H8 128.17 6.2 80.26 218 
Tetraline C10H12 132.20 9.07 -35.8 206 
1-Methyldecalin C11H10 142.20 7.03 -22 240-243 
Biphenyl C12H10 154.21 6.48 69.2 255 
 
 
These hydrocarbons are able to store hydrogen upon hydrogenation reaction of respective 
C=C, C=O, and C=N bonds with hydrogen. In the process of hydrogen delivery, the 
respective chemical bond must be broken to supply hydrogen.  Table 1.5 summarizes the 
hydrogen storage capacities of various hydrocarbons. 
 
Table 1.5: A series of hydrocarbons as hydrogen carriers, respective aromatic compounds, 
and hydrogen capacity. 




(LH2/L) Wt% Mol/L 
Cyclohexane Benzene C6H12               C6H6+3H2 7.2 27.77 620 
Methylcyclohexane Toluene C7H14               C7H8+3H2 6.2 23.29 528 
Tetralin Biphenyl C10H12            C10H8+2H2 3.0 14.67 328 
Decalin Naphtalene C10H18             C10H8+5H2 7.3 32.4 710 
Bicyclohexyl Biphenyl C12H22             C12H10+6H2 7.23 32.0 700 
 
 
As can be seen, these cycloalkanes can produce sufficient amount of hydrogen molecules 
during dehydrogenation process. Especially, organic liquid carriers such as 
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methylcyclohexane, bicycloxehyl, and alkyldecalin are recommended for the efficient 
hydrogen storage. However, dehydrogenation of these compounds are both kinetically and 
thermodynamically difficult. In addition, these material may produce undesirable substance 
which can be detrimental to the PEM fuel cell membrane. To overcome this problem, in 
2004, a heteroaromatic compound N-ethyl carbazole was reported for fully reversible 
hydrogen storage at substantially lower temperature without producing unwanted impurities. 
[72] N-ethyl carbazole has a gravimetric hydrogen storage capacity of about 5–7 wt % and a 
volumetric capacity of 0.050 kg/L with the enthalpy of dehydrogenation of 50 kJ/mol H2 
approximately. 
Despite these remarkable hydrogen storage capacities of various hydrocarbons, there are 
many important issues that should be addressed such as the temperature of the 
dehydrogenation process, dehydrogenation rates, reactor types for heat transfer, and the 
catalysts supporting efficient dehydrogenation process.  
1.3.3 Physical adsorption 
1.3.3.1	Hydrogen	Storage	in	Metal	Organic	Frameworks	(MOFs)	
Metal-Organic Frameworks (MOFs) are crystalline hybrid solid materials synthesized by 
metal ions linked together by multidentate organic ligands. [73-75] MOFs hold great promise 
as storage materials due to their structural flexibility, frameworks topology, tunable pore 
size, and specific surface area. MOFs have open pores frameworks which allow inclusion of 
guest species such as adsorbate molecules within the structure. An assortment of MOFs can 
be constructed by combinations of metal ions and ligands, combination of two different metal 
ions and a ligand, and combination of a metal ion and two different ligands. By changing 
metal ions or organic ligands, structural flexibility, frameworks topology, pore size, and 
specific surface area of MOFs can be easily changed. In this scenario, the final structure of 
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MOF mainly depends upon metal ions and ligands, but it can also rely on type of solvent, 
reaction condition, and rate of crystallization. 
Numerous MOFs have been investigated extensively in recent years for hydrogen uptake via 
physisorption. Rosi et al., [76] in a study including MOF-5, IRMOF-6 and IRMOF-8, firstly 
reported the metal-organic frameworks for hydrogen storage application. Later many 
different framework materials have also been investigated for hydrogen storage. In general, 
MOFs can be categorized in two classes on the basis of availability of active metal sites; 




MOFs without open metal sites: 
Hydrogen uptake capacity of MOFs without open metal sites mainly depends on the 
availability of specific surface area and pore volume. Due to weak van der Waals interactions 
between H2 and host, these materials show a high hydrogen uptake mainly at cryogenic 
temperatures. It has been demonstrated through calculations and experimental results that 
hydrogen uptake at cryogenic temperature can be enhanced by improving specific surface 
areas and pore volume.  
 
Table 1.6: Excess high pressure hydrogen uptake capacities at 77 K versus BET surface areas 
for some highly porous MOFs without open metal sites. 









MOF-210 6240 8.6 80 [77] 
NU-100 6143 9.95 56 [78] 
UMCM-2 5200 6.9 46 [79] 
PCN-68 5109 7.32 50 [80] 
MOF-200 4530 7.4 80 [77] 
MOF-177 4526 7.5 70 [81] 
MOF-205 4460 7.0 80 [77] 
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PCN-66 4000 6.65 45 [80] 
SNU-77H 3670 8.1 90 [82] 
IRMOF-20 3409 6.25 77.6 [81] 
PCN-61 3000 6.24 33 [80] 
NOTT-102 2932 6.07 20 [83, 84] 
IRMOF-6 2476 4.63 45 [81] 
 
 
As it is clearly evinced from the Table 1.6 that hydrogen uptake at 77K is directly 
proportional to the specific surface area of the MOFs. As the pore volume in MOFs shows a 
linear relationship with the specific surface area, high hydrogen uptake can be achieved at 
cryogenic temperatures by enhancing the surface area of the MOFs. Apart from the specific 
surface area and pore volume, hydrogen uptake can also be enhanced by a strong host-H2 
interaction. The strong host-H2 interaction would lead to a high heat of adsorption. In order 
to understand the effect of heat of adsorption, surface area, and free volume in a series of 
isoreticular MOFs (IRMOFs) at 77K, GCMC simulations were performed by Snurr and co-
workers. [85] It was found that at low pressure hydrogen uptake correlates with heat of 
adsorption, at intermediate pressure correlates with surface area, and at high pressure 
correlates with free volume. Later, these correlations were applied on the hydrogen uptake 
calculation on MOFs at 298K. The results suggest that due to weak van der Waals forces 
between host and H2 these correlations could not be applied at 298K. Therefore, H2 storage 
capacity decreases sharply with increasing temperature.  
 
MOFs with open metal sites: 
Despite many different MOFs formed by combination of different organic linkers and metal 
precursors, open metal sites present within the frameworks make MOFs very interesting 
candidate for the hydrogen storage at ambient temperature. Molecular hydrogen forms a 
stable sigma complex with open metal sites which is stabilized by donor-acceptor 
interactions and electrostatics.  To polarize hydrogen molecule to induce a strong host-H2 
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interaction strong cations such as open metal sites are required. There is a great challenge to 
develop a method for generating sufficient open metal sites within metal organic 
frameworks. Generally, open metal site in MOFS can be generated by thermally-assisted 
evacuation of the solvent molecules bonded to metals sites, as produced in Cu3(BTC)2[86, 
87] and Mn3[(Mn4Cl)3(BTT)8]2. [88] However, this method sometimes can cause collapse of 
the frameworks. Alternatively, photolysis of the terminal ligand can generate open metal site 
for H2, as demonstrated for Zn4O[(BDC)Cr(CO)3]3. [89] 
High pressure hydrogen uptake at 298K and isosteric heat of adsorption for a series of MOFs 
with open metal sites are tabulated in Table 7. As can be seen, significant high hydrogen 
storage capacities have been observed for open metal site MOFs, as a consequence of strong 
host-H2 interactions, which arises from the open metal sites. Thus, in order to enhance 
hydrogen uptake at near ambient temperature, sufficient open metal sites are essential.  
 
Table 1.7: Hydrogen adsorption data and isosteric heat of adsorption for open metal site 
MOFs at 298K. 










Cu(peip) 100 0.46 6.63 [90] 
Sm2Zn3(oxdc)6 35 0.54 - [91] 
MIL-100 73.3 0.15 6.3 [92] 
MIL-101 - 0.43 10 [92] 
MIL-102 35 0.05 6 [93] 
SNU-21S 70 0.26 6.65 [94] 
SNU-21H 70 0.18 6.09 [94] 
SNU-50' 61 0.399 7.1 [95] 
PCN-61 90 0.667 6.36 [80] 
PCN-66 90 0.785 6.22 [80] 
PCN-68 90 1.01 6.09 [80] 
Mn-BTT 90 0.94 10.1 [88] 
Cu-BTT 90 0.46 9.5 [86] 




In conclusion, despite these experimentally observed high hydrogen storage capacities at near 




Zeolites are three-dimensional crystalline aluminosilicate, both of natural and synthetic 
origin, constructed by sharing of oxygen corners of AlO4 and SiO4 tetrahedrons. The general 
formula of zeolite is: 
Mx/z[(AlO2)x(SiO2)y].mH2O 
where M is the non-framework exchangeable cation. The exchangeable cations are usually 
alkali and alkaline earth metal ions, which are required to neutralise the negative charge of 
the zeolite framework. Ordered crystalline nature of zeolites provide uniform cavities and 
channels where strong electrostatic forces are created between the extra framework cations 
and the negative charged frameworks. The strong electrostatic forces can produce strong 
polarising sites in the free volume of zeolites which can be helpful to utilize zeolites for 
industrial applications. The frameworks topology, microporous structure and specific surface 
area of zeolites can be tuned by altering Si/Al ratio of the frameworks.  
Zeolites are highly porous and high surface area materials. Zeolites have been explored for 
many applications such as ion exchange, molecular sieving, catalytic properties, and gas 
adsorption in recent years.  Hydrogen storage in zeolites has been investigated for many 
years. The porous structure and high surface area of zeolites are two main useful attributes 
for the hydrogen storage via physisorption in zeolites. High thermal and chemical stability of 
zeolites are the potential benefits to utilize them for the hydrogen storage application. The 
characteristics of zeolites, such as frameworks topology and free pore space can be tuned by 
changing extra framework exchangeable cations. In addition, upon altering new 
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exchangeable cations, zeolites may offer a high heat of adsorption upon hydrogen uptake. 
This might allow zeolites to be explored for the hydrogen storage via physisorption at near 
ambient temperature.  
Due to availability of high surface area, zeolites have been shown a high hydrogen uptake at 
cryogenic temperature. For example, CaX zeolite shows hydrogen storage capacity at 77K up 
to 2.19 wt% at 15 bar. [97] Vitillo et al. [98] tabulated hydrogen uptake capacities of 
different zeolites with the highest hydrogen uptake up to 1.81 wt% at 77K and 1.5 MPa for 
Na-Y zeolite. Recently, Na-X zeolite have shown very high hydrogen uptake up to 2.55 wt% 
at 77 K and 40 bar. [99] 
Figure 1.6 shows the hydrogen storage capacities of some reported zeolites versus their BET 
surface area. [97, 100] Similarly to MOFs materials, the maximum hydrogen storage capacity 
of zeolites at cryogenic temperature shows a good correlation with the BET surface area. 
Thus, it is clearly exhibited that high hydrogen capacity at 77K can be achieved by 
improving the surface area of zeolites. 
 
Figure 1.6: Hydrogen uptake capacities at 77K and 15 bar pressure versus BET surface area 
for some zeolites A, X, Y and Rho. 
 
 
However, in comparison to other porous materials, zeolites are less effective hydrogen 
storage materials due to their limited pore volume, concluded by Nijkamp et al. [101] In 
addition, the maximum theoretical hydrogen storage capacity of zeolites is found up to 2.86 
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wt%, determined by Vitillo et al. by an atomistic model for hydrogen packing in the zeolites. 
[98] 
Despite the strong electrostatic forces in their channels, zeolites show a low hydrogen uptake 
at 298K. Weitkamp et al. [102] found that the room temperature hydrogen storage capacity of 
zeolites are less than 0.1 wt%. 
Zeolites have many significant practical advantages including high thermal stability over 
other microporous adsorbents materials. Host materials adsorbed on zeolites can be easily 
characterized due to crystalline nature of the zeolites. Zeolites possess high surface area and 
well defined pore size in comparison with other materials. However, unfortunately, the 
hydrogen storage capacity of zeolites are very low for on-board applications.  
1.3.3.3	Hydrogen	Storage	in	Carbon	Based	Materials	
A great variety of porous carbon based materials exist which are mainly made by sp2 
hybridized carbon hexagons. The different arrangement of these carbon hexagons can 
produce a variety of carbon materials such as activated carbon, carbon nanotubes, and 
naofibers. [103, 104] Several porous carbon based materials, including activated carbons, 
carbon nanotubes (CNTs) and nanofibres, and templated carbons have been explored 
extensively for the hydrogen storage. In principle, these materials can be categorised in two 
classes: materials have long range order of the carbon hexagons such as CNTs and materials 
have irregular structures such as activated carbons. Carbon materials are very interesting 
adsorbent materials due to their low molar mass and high chemical stability. In addition, 
porous carbon materials are relatively inexpensive and commercially available for a broad 









Activated carbons possess a high degree of porosity and a high surface area. Activated 
carbons can be synthesized via both chemical and physical activation methods. Generally, 
activated carbons are prepared in a two-step process via the carbonization of carbonaceous 
raw materials followed by activation. Activation can be achieved at higher temperature either 
by reaction with an oxidizing gas or with inorganic chemicals. The synthesized activated 
carbon material possesses irregularly arranged carbon sheets which are randomly 
interconnected by a network of aliphatic carbon.  The aliphatic carbon network provides a 
continuum of interlayer spaces to form a porous structure. Usually, activated carbons have 
slit-shaped pores [105] with a wide pore size distribution. However, the pore structure in 
activated carbons can be altered by choosing a different activation method and different raw 
materials. 
Hydrogen storage by activated carbons has been studied extensively in recent years. One of 
the first studies of hydrogen storage by activated carbon derived from coconut shells reported 
with excess storage up to 2 wt% at 77K and 25 bar. [106] Norit produced a range of activated 
carbon materials for hydrogen storage application. [107] Some of the synthesized materials 
showed a high surface area over 2000 m2/g and a high gravimetric hydrogen uptake up to 
2.14 wt% at 77K and 1 bar. [101] Another activated carbon with a high surface area up to 
2564 m2/g reported recently, which gives a maximum hydrogen uptake up to 4.5 wt% at 77K 
and 40 bar. [9]  Recently, due to a greater bulk density of activated carbon monoliths than the 
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same carbon in powder form, Jorda-Beneyto et al. suggested the use of activated carbon 
monoliths  for the high volumetric hydrogen capacity. [108] 
  
Carbon nanotubes and other carbon nanostructures 
Carbon nanotubes (CNTs) are cylindrical nanostructures formed from rolls of graphene. 
CNTs were discovered during the research of fullerenes. [109] There are two different types 
of carbon nanotubes; with single wall (SWNT) and with multi walls (MWNT). 
SWNTs have inner diameter ranging from 0.7 nm to several nanometer and length ranging 
from 10 to 100 µm. [110, 111] MWNTs have a series of concentric cylindrical shells of 
graphene sheets. [110] The number of concentric cylindrical shells may vary from 2 to 100 
with the separation between adjacent shells up to 0.3 nm. [110] These concentric cylindrical 
shells are mutually interacted by van der Waals forces.   
The hydrogen storage properties of carbon nanotubes have been explored extensively in the 
literature. Fichtner [112] tabulated experimental hydrogen storage capacities of a series of 
SWNTs. It was found that the hydrogen storage capacity of carbon nanotubes depends upon 
their synthetic method and experimental conditions, as demonstrated by Yamanaka et al. 
[113] and Gundiah et al. [114] In addition, Cheng et al. [115] demonstrated that ambient 
temperature hydrogen storage capacity of graphite carbons can be enhanced by 
accommodating strong anions.  
Apart from these studies, there are many studies in which a questionable hydrogen storage 
capacity of some carbon based materials have been reported, [106, 116] such as Chambers et 
al. [117] reported high hydrogen capacities for carbon nanofibres up to 67 wt%. However, 






Templated carbons are synthesized in two steps by using an inorganic template. In the first 
step, the inorganic template is charged with a carbon precursor such as sucrose or 
acetonitrile. In the last step, carbonisation and subsequently removal of the inorganic 
template forms a templated carbon. In general, templated carbons are microporous or 
mesoporous carbon materials. The pore structure of the templated carbons are relatively well-
defined in comparison to the activated carbons. [118, 119] As a result of well-defined pore 
structure, templated carbons can exhibit a high gravimetric hydrogen storage capacities. 
Recently, zeolite-templated carbon was reported with very high hydrogen storage capacity up 
to 6.9 wt% at 77K and 20 bar. [118, 120] Unlike the activated carbons, the templated carbons 
show microstructure ordering which can be measured by powder X-ray diffraction analysis. 
Gogotsi et al. reported hydrogen uptake by carbide-derived carbons (CDCs) up to 4.7 wt % at 
77K and 60 bar. [121] 
 
1.3.3.4	Metal	hydrazide	gel	materials	
Metal hydrazide gel materials have been explored extensively in recent years for high 
hydrogen storage capacities at ambient temperature via physisorption. [2, 3, 10, 122, 123] 
These metal hydrazide gel materials show a high heat of adsorption up to 20-40 kJ/mol 
which provides a desirable balance between the hydrogen storage at ambient temperature and 
the energy required to release the adsorbed hydrogen which is supported by theoretical 
calculations. [124, 125]  In addition, these hydrazide gel materials show strong host-H2 
interactions, which resembles to Kubas type bonding. The Kubas type metal hydrogen 
bonding has already been reported in many transition metal complexes. [126-128] According 
to Gregory J. Kubas, [126] in a typical Kubas interaction,  lengthening of the H–H bond 
occurs without breakage [Fig. 1.8] which involves forward donation of electrons from the 
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filled H2 σ-bonding orbital into an empty d-orbital of a metal, and simultaneous back-
donation from a filled metal d-orbital into the vacant σ* anti-bonding orbital of the H2 
molecule. [122, 129] Other characteristics of Kubas type bonding is the reduction of 




Figure 1.8: H-H bond distance in metal dihydrogen complex. 
 
Many metal hydrazide gel materials (Cr, Mn, Ti, and V hydrazide gel) have been studied 
recently. [2, 3, 10, 123] These metal hydrazide gel materials have very high loading of low 
oxidation state (M+2, M+3) transition metals ranging from 50 to 80 %.  As a result of high 
loading of low oxidation state transition metals, these materials may form metal-metal bonds 
which may assist in achieving high heat of adsorption, as demonstrated by Skipper et al. 
[122] In addition, these gel materials show low specific surface area with lack of porosity and 
low thermal stability. The gravimetric hydrogen storage and volumetric hydrogen storage 
capacities of these materials are tabulated in Table 1.8. 
 
Table 1.8: Hydrogen storage capacities, surface area and skeleton densities of selected metal 















at 85 bar 
At 298K At 77K At 298K At 77K 
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Cr-MHz (0.5) 221 1.32 1.01 1.39 13.33 18.35 
H2-Cr-MHz (0.5)  181 1.86 1.41 2.28 26.23 42.41 
Cr-MHz (1.0) 210 1.47 0.42 2.02 6.17 29.69 
H2-Cr-MHz (1.0)  171 1.47 1.65 2.05 24.25 30.13 
Mn Hydrazide gel A100 273 2.2107 0.74 1.33 16.3 29 
Mn Hydrazide gel B100 279 2.2875 1.06 1.31 24.2 30 
Mn Hydrazide gel C100 169 2.1104 0.86 0.95 18.1 20 
Ti Hydrazide gel A100 117 1.3228 1.28 1.99 16.9 26.3 
Ti Hydrazide gel B100 176 1.4856 0.99 2.02 14.7 30.0 
Ti Hydrazide gel B150 129 1.6827 1.11 1.79 18.73 30.1 
 
 
As can be seen, metal hydrazide gel materials show a high gravimetric and a volumetric 
hydrogen storage capacities at 298K. In addition, these materials show an unusual trend in 
the heat of adsorption upon surface coverage. [3] Nevertheless, the likely reason for the 
unusual trend in the heat of adsorption is not clear yet. Furthermore, these materials have a 
low surface area, lack of porosity, and metal-metal bonds which may limit the accessibility of 
molecular hydrogen to the active sites. Further research may be required to investigate the 
role of low oxidation sate transition metal hydrazide gel materials in order to further enhance 
their storage capacity.  
 
1.4 Hydrogen Storage at Ambient Temperature 
Numerous hydrogen storage materials have been explored extensively for the hydrogen 
storage via chemisorption and physisorption process. [1, 5-7, 108, 115, 130-140] In order to 
utilize them for the on-board vehicular application, hydrogen should be stored at moderate 
conditions of temperature and pressure. To date, many materials and technologies have been 
investigated for hydrogen storage at near ambient temperature conditions, including some 
interstitial hydride, open metal site MOFs, and high pressure hydrogen storage tank.  
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Among all, hydrogen physisorption is advantageous over chemisorption, if high storage 
capacity can be achieved, due to the excellent operatability using the mature pressure swing 
adsorption (PSA) technology. [1] On comparison, hydrogen chemisorption relies on 
temperature to control the hydrogen release with a longer response time and a lower 
efficiency. [26, 141]  
Hydrogen physisorption at near ambient temperatures has long been considered as a grand 
challenge due to the difficulties to polarize hydrogen molecules to enhance the host-H2 
interaction. The host-H2 interaction in physisorption materials can be enhanced by 
accommodating strong cations or anions in these materials. In the case of anion, Cheng et al. 
[115] demonstrated enhanced hydrogen storage in fluoride intercalated graphite compounds. 
In addition, in the case of cations, many transition metal hydrazide gel materials [2-4, 10, 
123, 142] and open metal site MOFs [88, 135, 143-145] have been demonstrated high 
hydrogen storage capacities at 298K. However, the reported hydrogen storage capacities are 
still far below from the set targets. Therefore, development of high capacity hydrogen storage 
materials for practical application is essential for the success of proposed “Hydrogen 
Economy”. The hydrogen storage capacity can be enhanced by accommodating abundant 
exposed metals and sufficient porosity in the material.  
1.5 Motivation & Objectives 
Considerable research have been focused on development of new hydrogen storage materials 
in order to achieve a desirable hydrogen storage capacity set by the US DOE. Unfortunately, 
none of the existing technologies or materials is able to satisfy completely the set targets.  
In view of above challenges, the main objective of this study was to develop novel high 
capacity hydrogen storage materials via physisorption at near ambient temperature condition. 




 (1) To synthesize exposed metal functionalized porous materials with high surface area, high 
thermal stability and abundant of active sties for hydrogen storage application.  
(2) To explore the fundamental understanding of the host-H2 interaction associated with 
hydrogen adsorption on exposed metal sites. 
 (3) To investigate the effect of surface area, framework topology and exposed metal sites on 
hydrogen storage capacities of synthesized materials.  
 
The phenol and phloroglucinol based organo-magnesium ionic solid materials were selected 
to demonstrate an alternative synthetic route for achieving exposed metals into the materials 
via charge-delocalization of bonds formed by the Mg di-cations. The MTF and PTF cross-
linked frameworks were selected to enhance surface area, thermal stability and structural 
stability of the adsorbent materials to be utilized for long term application. 
 
The result of this present study may have significant impact on contemporary hydrogen 
storage technology by providing alternative solution for on-board hydrogen storage. Also, 
this present study may shed light on a new class of hydrogen storage materials. 
The main focus of this study is to propose and development of ambient temperature hydrogen 
storage materials via physisorption, and therefore, chemisorption materials are excluded from 
this study. Metal organic frameworks and carbon based materials are difficult to 
accommodate exposed metal sites, thus, these materials are not central to this study. 
The detailed experimental characterizations will be discussed in chapter 2 followed by 




























The experimental techniques and principle related, in the synthesis and characterization of 
the compounds as hydrogen storage materials are described in this chapter. 
 
2.1 Elemental analysis 
2.1.1 Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES) 
ICP-OES is a powerful analytical technique used for analysis of trace metals present in a 
sample. [146] In this technique, sample is dissolved either in mineral acids or in aqua regia 
prior to feed into the plasma. The inductively-coupled plasma consists of a hot, partially 
ionized gas containing an abundant concentration of cations and electrons that make the 
plasma, and a good conductor. The procedure associates with the UV and/or visible 
spectrometry to analyse the plasma at the exact wavelength of ionic excitation of the element. 
In this work, inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 
5300 DV) is used. 
 
2.1.2 CHNS Analyser 
CHNS elemental analyser is used for the determination of the empirical quantity of carbon, 
hydrogen, nitrogen, and sulfur present in organic/inorganic compounds. Except nitrogen, the 
elements are analysed by converting them to CO2, H2O and SO2. Nitrogen is analysed by 
Kjeldol method. In the present work, the commercial instrument, CHNS elemental analyser 




2.2 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are the two 
complementary thermal analysis techniques. In TGA, changes in physical and chemical 
properties of materials are measured as a function of increasing temperature with constant 
heating rate or as a function of time with constant temperature/ mass loss. The TGA plots are 
known as thermograms where results are plotted in the form of percentage weight loss on y-
axis and temperature on x-axis. Whereas, DTA provides the change in enthalpy (heat 
content) as a function of temperature when the sample is subjected to heating at constant rate, 
and the results are presented as a graph of derivative weight loss (DTG) vs temperature. In 
this work, TA instrument 2960 (DTA-TGA) that covers a temperature ranging from 25 to 
1000 oC is used. The sample were measured under nitrogen atmosphere at 5 0C min-1 heating 
rate. 
 
2.3 Powder X-Ray diffraction (PXRD) 
Powder X-ray diffraction (PXRD) is used for phase identification of a crystalline material. 
The PXRD technique is widely being utilized to solve larger and complicated structures in 
various field. Generally, X-Ray diffractometer consist of three main components: an X-ray 
tube, a sample holder, and an X-ray detector.  
This technique is based on Bragg’s law of diffraction. In this technique, the incident X-ray 
radiation can be diffracted by crystalline material because of the fact that inter atomic 
distance are comparable of the wavelengths of X-rays. For example, when Cu is used as a 
target material, Cu Kα X-rays possesses a wavelength (λ) of 1.54059 Ao. When X-rays with a 
wavelength of λ, incident at a glancing angle of θ on the sample comprising lattice planes 
with a spacing d, these X-rays rays reflect from the planes [Fig. 2.1]. The path difference 




Figure 2.1: Schematic of X-ray diffraction by the lattice planes of a crystalline sample. 
 
According to Bragg’s law; 
 2d Sin θ ൌ nλ (1)
 
The reflected rays will have constructive interference when the path difference is an integral 
multiple (n) of the λ. On the other hand, at angles of incidence other than the Bragg’s angles, 
reflected X-rays are out of phase and therefore, result a destructive interference. 
A polycrystalline powder consists of a number of small crystals randomly arranged in all 
possible orientations which is a combination of various lattice planes in every possible 
orientation. For each set of planes, therefore, at least some crystals are oriented at the Bragg’s 
angle, θ which results in the reflection/diffraction of X-rays. The intensities and peak 
positions of the diffracted beams are usually detected by a moveable detector and the 
resultant X-ray diffraction (XRD) pattern is obtained in the form of a plot of diffracted X-ray 
intensity (arbitrary counts) and 2θ (degrees). With the help of equation 1, the interplanar 
spacing, d can be readily calculated. The XRD pattern of an unknown compound can be 
roughly identified by comparing it with the data available in the JCPDS files (joint 
committee on powder diffraction standards). 




2.4 Fourier Transform Infrared Spectrometer (FTIR) 
Infrared spectroscopy is an absorption spectroscopy technique that deals with the infrared 
region of the electromagnetic spectrum. The infrared region of the electromagnetic spectrum 
is divided into three regions: near (14000-4000 cm-1, 0.8-2.5 μm wavelength), mid (4000–
400 cm−1, 2.5–25 μm), and far (400–10 cm-1, 25–1000 μm). The high energy of the near-
infrared can excite overtone or harmonic vibrations, while the mid-infrared can be used to 
study the fundamental vibrations and associated rotational-vibrational structure. On the other 
hand, the low energy of the far-infrared may be used rotational spectroscopy.  
In this work, FTIR spectra were collected on a Varian resolutions (version 4.0.5.009). 
Approximately 300 mg of dry KBr was mixed with 6-10 mg of sample to form a pellet. The 
FTIR spectrum of the pellet was obtained after performing a background scan, which was 
subsequently subtracted from the sample’s spectrum.   
 
 
2.5 X-Ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) also known as electron spectroscopy for chemical 
analysis (ESCA), is the most commonly used surface-sensitive quantitative spectroscopic 
technique. This technique can be used to determine the elemental composition, empirical 
formula, chemical state, and electronic state of a particular element existing within the 
sample material. In a typical XPS measurement, the sample is irradiated with monochromatic 
X-rays of known energy under ultra-high vacuum (UHV) conditions. Also, simultaneously 
the kinetic energy and number of photoelectrons that escaped from 0 to 12 nm of the upper 
most surface of the material being analysed. To eject photoelectron from the sample material, 
the energy of the X-Rays should be higher than the binding energy of a particular atom/ion. 
The binding energy of the photoelectrons is determined by an electron energy analyser. In 
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addition, from the binding energy and intensity of the photoelectrons, the elemental identity, 
chemical state, and quantity of an element can be easily determined. 
 
The binding energy can be calculated as follows: 
  kEhvEB .. ϕ (2)
where, B.E. is binding energy, Ek is kinetic energy, h is Plank constant, v is photon 
frequency, and  ϕ is work function. Work function is a potential difference between the Fermi 
level of the solid and the vacuum level [Fig. 2.3]. 
 




Figure 2.3: Schematic diagram of energy levels, binding energy, Fermi level, vacuum level, 
kinetic energy, and work function. 
 
In this research work, XPS measurement of the sample was achieved by VG Scientific ESCA 
MK II spectrometer with MgKα X-ray source (hν = 1253.6 eV) and with the electron analyser 
set at a constant pass energy of 20 eV. To calibrate XPS spectrum, peak position of C 1s at 
B.E. of 284.6 eV was used. The energy resolution of VG Scientific ESCA MK II 
spectrometer is 0.05 eV. The peak fitting of XPS spectra was done by XPS peak-fit software. 
2.6 Scanning electron microscopy (SEM) 
SEM is a type of electron microscopy which has been widely used in the field of materials 
science research. In the SEM, the image is obtained by various signals being produced when 
the focused electron beam interacts with the atoms of the sample surface. These produced 
signals contain the information about the topography and composition of the sample surface. 
A typical SEM comprises of: (a) electron optical column together with electron gun, (b) the 
vacuum system including sample chamber and stage, and (c) detector and display unit. 
 
The electron beam having energy in the range 0.2 keV to 40 keV, is emitted from an electron 
gun fitted with a tungsten filament cathode.  The beam is focused on the sample surface via 
one or two condenser lenses and through pairs of scanning coils or pairs of deflector plates in 
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the electron column. When the electron beam interacts with the sample, the energy exchange 
between the electron beam and the sample produces high-energy electrons by elastic 
scattering, secondary electrons by inelastic scattering, and electromagnetic radiation. The 
scattered electrons and electromagnetic radiation are detected by specialized detectors.  
 
Figure 2.4: Schematic of an SEM. 
 
For a SEM measurement, electronically-conducting materials are preferred. Nevertheless, 
insulating materials can also be measured by applying a thin conducting coating of gold (Au) 
or platinum (Pt) using sputtering techniques. The coating helps to increase signal/noise ratio 
for the sample of low atomic number (Z) and improve secondary electron emission for the 
sample of high atomic number (Z). In the present study, JEOL JSM-6701F instrument was 
used. Samples were prepared by platinum sputtering under 9 Pa at room temperature (20s, 
30mA) with JEOL JFC-1600 Fine Coater. 
2.7 Density measurement 
Skeleton densities of the samples were calculated by displaced volume of Helium gas at 
room temperature at commercial Gas Reaction Controller manufactured by Advanced 
Materials Corporation, Pittsburgh, PA. The instrument was calibrated with metal cylinders of 
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known volume of 1.5187 and 2.2100 cm3 to monitor the instrument’s performance. The 
volume of empty sample holder was collected using helium gas as mentioned in the user 
manual of the instrument. To get the displaced volume, sample was loaded into sample 
holder and set up a soak run at 10 atm for 10 minutes at room temperature. Data was 
recorded in the interval of one minute. After getting skeleton volume, the density was 
calculated by using the sample weight divided by sample skeleton volume.  
In a gas adsorption experiment when sample weight and sample skeleton density are used, 
the instrument determines the volume of sample in the sample chamber. The void space 
volume can be obtained by subtracting sample skeleton volume from the sample chamber 
volume. When the skeleton density is used in a gas adsorption experiment, the compressed 
hydrogen within the pores is considered as a part of sample chamber volume; therefore, this 
part is subtracted. Only the contained hydrogen or beneath the walls of the structure, will be 
considered by the instrument. This gravimetric storage capacity obtained is termed as excess 
storage.[5] When bulk density is used in a gas adsorption experiment, all the hydrogen 
contained in the sample including compressed in the voids and hydrogen adsorbed or beneath 
the walls of the structure is considered. Therefore, the gravimetric storage capacity obtained 
is termed as total storage or absolute storage. [147, 148] 
 
2.8 Surface area measurement 
The BET (Brunauer–Emmett–Teller) method is the most extensively used method for 
determination of specific surface area of a particular material. BET theory is an extension of 
the Langmuir theory of monolayer formation. Furthermore, the BET theory is based on five 
assumptions: [149] 
(1)  Surface should be homogeneous  
(2)  No lateral interaction between molecules 
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(3) The uppermost molecule layer is in equilibrium with the gas phase, i.e. similar molecule 
adsorption and desorption rates.  
(4) Desorption is a kinetically-limited procedure, thus heat of adsorption must be provided. 
The higher layers are assumed similar, hence the heat of condensation is equal to the heat of 
adsorption. 
(5) At saturation pressure the number of layers becomes infinite 
 
















where V is the adsorbed phase volume, Vm is the volume of a complete monolayer, C is the 
BET constant, P is the pressure, P0 is the saturation pressure of the adsorptive, and  P/P0 is 
the relative pressure. The BET constant C express the magnitude of the adsorbate-adsorbent 
interaction.  














by plotting P/V(Po-P) against relative pressure P/Po determines the gradient m (m= (C-
















The BET specific surface area can be calculated from the following expression, 
 
AmBET NVa  σ (7)
where NA is the Avogadro constant and σ is the molecular area (for N2 = 0.162 nm2). 
 
2.9 Hydrogen storage measurement 
Hydrogen storage measurement techniques can be categorised into three categories: 
gravimetric, volumetric, and temperature-programmed desorption (TPD). In gravimetric and 
volumetric techniques, hydrogen uptake is plotted as a function of pressure at constant 
temperature, whereas in the TPD, amount of desorbed hydrogen is plotted as a function of 
temperature. All the three techniques can be used to determine the kinetics of adsorption and 
desorption, depending upon the experimental setup. Although both gravimetric and 
volumetric techniques are being used widely for a variety of gases for measuring their 
adsorption behaviour, but due to some properties of hydrogen especially low molar mass, 
susceptibility to leakage, and above ambient pressure during sorption, the specialised 
measurement apparatus is required. [150] 
 
2.9.1 Volumetric method 
The volumetric method is the most broadly used measurement techniques for gas adsorption 
exterminates. The volumetric method can be implemented relatively easily due to that the 
temperature and pressure for a system of a known volume can be accurately measured. In this 
research work, we have used volumetric method for hydrogen gas adsorption experiments. 
The amount of adsorbed hydrogen by sample can be calculated by real gas law; 
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 PV = nZRT (8)
where P is the pressure, V is the volume, T is the temperature, n is the number of moles 
(adsorbed gas), Z is the gas compressibility, and R is the universal gas constant. The 
volumetric method can be performed by many ways, but the manometric method also known 
as Sieverts method or Sieverts’ technique, is a common practice methodology. 
 
The Sieverts Method 
The Sieverts method is the most commonly used hydrogen sorption techniques. This method 
is practically more convenient to implement than gravimetric method due to its simplicity 
and straightforward handling. In addition, BET surface area and pore size distribution 
determination instruments also operate using the same Sieverts method. Figure 2.5 shows a 
schematic diagram of a Sieverts apparatus. [151] 
 
 




V1 and V2 are known volumes of reservoir and sample holder, respectively. A, B, and C are 
control valves. The thermostat or thermal bath is a temperature-controlling system, such as a 
dewar/cryostat, or a furnace. The control valve A and B are gas inlet and vacuum outlet 
valves, respectively, collectively control the gas pressure in the reservoir. On the other hand, 
valve C controls the gas pressure in the sample holder. Pressure in the reservoir and the 
sample holder are measured precisely by more than one manometers, depending on the 
hydrogen pressure ranges.  
For the vacuum system, an oil-free vacuum pump with an Ultra-High Vacuum (UHV) is 
preferred, particularly for the degasing of the porous materials, due to the fact that an oil 
pump can contaminate the sample due to backstream into the system. Also, for the degasing 
of microporous materials, a high vacuum turbomolecular pump backed by a membrane or 
scroll pump is required. The hydrogen gas must be very pure [99.999%].  
2.9.2 Gravimetric Technique 
The gravimetric hydrogen sorption measurement technique includes accurate (micro) 
balance, a vacuum system, a hydrogen gas supply system, and a sample temperature control 
system. In a typical experiment at constant temperature, after mounting sample on the 
microbalance pan, the system is evacuated prior to introduce hydrogen gas into the chamber. 
During the experiment a series of hydrogen gas pressures and corresponding mass changes 
are measured at each step to determine the hydrogen uptake by the sample. After following 
appropriate corrections, the hydrogen uptake as a function of hydrogen pressure is plotted. 




Figure 2.6: A schematic diagram of a gravimetric sorption system. 
 
Valves A and B control the hydrogen gas inlet and vacuum outlet, respectively, and 
collectively control the hydrogen gas pressure in the sample chamber. The pressure in the 
sample chamber is measured by one or more manometers, depending upon the pressure 
ranges.  
The sample is shown sitting in a holder suspended from a microbalance. The diagram implies 
the use of a compensating beam balance but this can also be a magnetic suspension balance 
in which the balance mechanism is isolated from the sample chamber.  
The thermostat or thermal bath is a temperature-controlling unit such as dewar/cryostat, or a 
furnace. The temperature of the gravimetric sorption system should be carefully controlled to 
accurate balance reading. Similarly to the Sieverts apparatus, for gravimetric sorption 
measurement system, an oil-free vacuum system with UHV capability is preferable and a 
turbomolecular pump backed by a membrane or scroll pump is recommended. In addition, 
hydrogen supply must be of very high purity (99.999%). 
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2.9.3 Temperature-programmed desorption (TPD) 
Temperature-programmed desorption (TPD) also known as Thermal Desorption 
Spectroscopy, (TDS) is a method of observing kinetic and thermodynamic parameters of 
desorption processes or decomposition reactions. In this method, a sample is heated with a 
temperature programme where desorption of adsorbed molecules into vacuum or a flowing 
inert carrier gas takes place. When desorption of adsorbed gas molecules takes place into 
vacuum, the increment in the pressure can be used to determine the quantity of the desorbed 
gas. However, this vacuum method only allows the determination of the peak desorption 
temperature; it does not allow the quantitative determination of the desorbed hydrogen. [152] 
Alternatively, the desorbed quantity can be estimated either by using flow meter [153] or 
more accurately by using mass spectrometer to monitor desorbed gas. [154] 
 
2.9.4 Hydrogen sorption experiments at commercial Gas Reaction Controller 
In this research work, hydrogen adsorption isotherms were obtained at a computer-controlled 
commercial Gas Reaction Controller manufactured by Advanced Materials Corporation, 
Pittsburgh, PA. This instrument has four channels which can perform four experiments 
simultaneously. However, all four channels are different in the terms of their pressure 
sensitivity and maximum pressure limit. Channel one is used for high pressure hydrogen 
adsorption experiments. High purity hydrogen gas (99.9995% purity) was used as the 
adsorbent.  
Hydrogen adsorption measurements of an empty sample holder was done at 298K and 77K to 
rule out the gas compressibility factor in a high pressure experiment [Fig. 2.7]. In addition, 
calibration of the instrument was achieved by commercially available LaNi5 alloy [Fig. 2.8] 
and Basolite A100 MOF at 298K and 77K [Fig. 2.9], respectively. [155] The leak test was 















Figure 2.9: Hydrogen uptake of commercially available Basolite A100 MOF at 77K. 
 
2.10 Heat of adsorption measurement 
Heat of adsorption or interaction enthalpy of adsorption of hydrogen on a surface can be 
calculated from hydrogen adsorption isotherms measured at two independent temperatures, 
generally at 77K and 87K. Although the calculated isosteric heat of adsorption depends upon 
adsorbed hydrogen, but it cannot provide information about position and number of 
adsorption sites in the host. The zero-coverage isosteric heat of adsorption corresponds to the 
strongest interaction energy between the H2 molecule and the host. 
Three different methods have been used frequently for calculation of the isosteric heat of 
adsorption. 
Method 1. In this method, virial-type thermal equation [88, 156] is used to fit the gas 
















where ai and bi are temperature independent parameters, P is pressure and n is adsorbed 
amount of hydrogen, T is temperature, and m and n represent the number of coefficients 
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required to adequately describe the isotherms. The adsorption isotherms measured at two 
different temperatures (77K and 87K) are fitted to the equation. In addition, to calculate 










Where R is universal gas constant. 
Method 2. In this method, the following virial-type equation [157] is used to fit the 
adsorption data at a particular temperature. 
 
.....ln 33221  NANANAA
P
N
o   (11)
                                
where P is pressure, N is adsorbed hydrogen gas, and A0, A1 etc. are virial coefficients. In 
addition, the virial coefficient A0 is related to the adsorbate-adsorbent interactions and A1 is 
related to adsorbate-adsorbate interactions. 
To calculate heat of adsorption, Clausius-Clapeyron equation (eq. 12) is used, where R is 














Method 3. In this method, Langmuir-Freundlich equation (eq. 13) [1] is used to fit the 














Where N is amount of adsorbed hydrogen gas, Nm is amount of adsorbed hydrogen gas at 
saturation, P is pressure, and B & t are the constants. The heat of adsorption can be calculated 
by applying equation 12. 
Above mentioned three methods have their own advantages and disadvantages. Both method 
one and two provide Qst value as a function of adsorbed hydrogen gas (n), where a negligible 
deviation in the experimental points measured over a wide range of pressure. In addition, the 
virial-type equation allow us extrapolation to zero coverage of H2 which allows to determine 
the zero coverage heat of adsorption. However, the fitting to the virial-type equation may 
cause overestimation if polynomials of too high order are used and standard deviation in that 
fit is too large. On the other hand, the Langmuir-Freundlich method results in overestimation 
of the adsorption enthalpy when extrapolation is made down to zero coverage.  In addition, 
the Langmuir-Freundlich method does not reduce to Henry’s Law, thus leads to 
overestimation. In conclusion, virial-type analysis is better, consistent, and widely being used 
to calculate the value of isosteric hat of adsorption.  
 
2.11 Electron paramagnetic resonance spectroscopy (EPR) 
EPR is a spectroscopic technique that detects chemical species that have unpaired electrons. 
A sample containing unpaired electron can shows transitions induced between spin states by 
applying a magnetic field and then supplying electromagnetic energy, usually in the 
microwave range of frequencies. The EPR technique can be used to identification of free 
radicals and paramagnetic centers of a materials.  
In this work, the EPR was used to confirm the interactions between transition metals and 
hydrogen molecule upon physisorption.  In the present study, JEOL FA200 ESR 
spectrometer (X-Band) was used. The sample were prepared under argon and hydrogen 







Chapter 3 Cross-linked melamine-























Hydrogen storage via physisorption has been extensively investigated in many different 
classes of materials including MOFs, activated carbons, zeolites and Kubas type metal 
hydrazide gel materials. Among all, only few materials have been demonstrated 
experimentally for hydrogen storage at 298K. Recent results suggest that the amounts of 
adsorbed hydrogen are very small under high pressure and ambient temperature conditions 
mainly due to lack of active metal sites. [137] The active metals sites or exposed metal sites 
can lead to a high hydrogen uptake at near ambient temperature by enhancing the host-H2 
interaction, as demonstrated in open metal sites MOFs [86, 88, 135] and metal hydrazide gel 
materials. [2, 3, 10]  
 
In this chapter, functionalization of the exposed metals into cross-linked melamine-
terephthaldehyde framework is discussed. The melamine-terephthaldehyde framework was 














3.2 Cross-linked melamine-terephthaldehyde framework based organo-iron complex  
 
3.2.1 Experimental 
Synthesis of cross-linked melamine-terephthaldehyde framework based organo-iron 
complex (MTF-Fe) 
MTF-Fe was synthesized in a three-step reaction, as shown in Scheme 1. In the first step, 
synthesis of Fe[N(SiMe3)2]2 was done by reacting FeCl2 with 2 molar equivalent of 
LiN(SiMe3)2 at room temperature in an anhydrous tetrahydrofuran solvent under argon 
atmosphere followed purification, similar to the published procedure. [158, 159] In the 
second step, a flame-dried three neck flask fitted with a condenser and a magnetic stirring bar 
was charged with melamine (500 mg, 3.96 mmol) and diglyme (40 ml) solvent. After 
degassing by argon bubbling, Fe[N(SiMe3)2]2 (5.94 mmol) was charged to the above flask 
and  heated at 80 oC for 12 hrs under argon atmosphere, which produced the Fe-modified-
melamine and hexamethyldisilazane (HMDS). [160, 161] The HMDS (boiling point 126 oC) 
was removed from the reaction mixture by heating it at 160 oC. In the third step, 1,4-
benzenedicarboxaldehyde (796 mg, 5.94 mmol)  and diglyme (20 ml) were added into the 
reaction mixture, [162-164] which was stirred at 160 oC for 72 hrs under argon atmosphere. 
After cooling it to room temperature, the precipitated MTF-Fe was filtered and washed with 
excess of anhydrous acetone, anhydrous tetrahydrofuran, and anhydrous dichloromethane. 
The solvents were removed under a reduced pressure by using a rotary evaporator. Final 
drying was done at 190 oC under vacuum in a tube furnace to produce a brown powder with a 






Scheme 3.1: Synthetic protocol for the MTF-Fe. 
 
 
3.2.2 Results and Discussions 
 
3.2.2.1 Elemental Analysis (EA) 
 
Table 3.1: Elemental analysis data of MTF-Fe. 
MTF-Fe C % H % N % Fe % 
Expected 44.90 2.74 34.44 17.41 








3.2.2.2 Thermal gravimetric analysis (TGA) 
 
 
Figure 3.1: A comparison of TGA thermograms of melamine (black), terephthaldehyde (red), 
and MTF-Fe (blue) under nitrogen atmosphere at 5 oC/min heating rate. 
 
Successful synthesis of the MTF-Fe complex is supported by the elemental analysis data that 
yields reasonable match between the expected and the detected data (Table 3.1).  TGA 
thermograms of melamine, terephthaldehyde and synthesized MTF-Fe are displayed in Fig. 
3.1.  The MTF-Fe shows a sharp weight loss at 415 oC which is substantially higher than the 
degradation temperature of the melamine (342 oC) and the terephthaldehyde (163 oC). The 
higher thermal stability of the MTF-Fe confirms the success of the poly-condensation 
reaction between Fe-modified-melamine and terephthaldehyde. The MTF-Fe shows an initial 
10 % weight loss before 300 oC which can be attributed to adsorbed moisture or trapped 
solvents in the nano-pores of the MTF-Fe. In addition, the major weight loss at 415 oC can be 
attributed to the degradation of triazine ring of the MTF-Fe. In comparison to previously 
reported melamine- terephthaldehyde based framework, the MTF-Fe shows a higher char 





3.2.2.3 Fourier transform infrared spectroscopy (FTIR) 
 
 
Figure 3.2: Fourier transform infrared (FTIR) spectrum of MTF-Fe. 
 
 
Table 3.2: Table of characteristics IR absorptions peaks of the MTF-Fe. 
 
Adsorption peak (cm-1) Appearance Type of bonds 
1550, 1480 cm-1 strong Triazine ring  
2627 cm-1 weak C-H (aromatic) 
3200-3400 cm-1 strong Adsorbed moisture, 










3.2.2.4 X-ray photoelectron spectroscopy (XPS) 
 
 
Figure 3.3: X-ray photoelectron (XPS) spectra (a) high resolution scan of C 1s (b) high 
resolution scan of N 1s (c) high resolution scan of Fe 2p1/2 & 2p3/2, and (d) a complete scan 
for MTF-Fe. 
 
X-ray photoelectron spectra (XPS) for MTF-Fe are displayed in Fig. 3.3. The XPS data well 
support the synthesis of MTF-Fe and reveal the surface binding state of the material. Peak 
fitting demonstrates that C1s of the MTF-Fe can be (Fig. 3.3a) fitted into a group of three 
peaks at 284.59, 285.41 and 287.74 eV, corresponding to carbon atoms in benzene ring, 
carbon atoms of the linkers (carbon atom bonded to the more electronegative N or O atoms), 
and carbon atoms of the triazine ring, respectively. [166, 167] Similarly to the C 1s, N1s of 
the MTF-Fe (Fig. 3.3b) can also be fitted into a group of three peaks at 398.45, 399.51 and 
400.5 eV. The peak at binding energy of 398.45 eV corresponds to nitrogen of the triazine 
ring (C=N-C), and other two peaks correspond to the -N- atoms coordinated to the iron 
metal. [164] In addition, the peak at 528 eV for O1s (Fig. 3.3d) corresponds to O-containing 
60 
 
groups, such as C-O-C, C-OH, C=O (unreacted functional groups), and as well as adsorbed 
water and carbon dioxide. [164]  
The characteristics XPS peak of Fe atom is Fe 2p3/2 peak, which has a binding energy of 
710.36 eV, reveals that the iron is in Fe (II) oxidation state (Fig. 3.3c). [168] Furthermore, 
both the wide Fe 2p3/2   peak and a satellite peak at 717.8 eV indicate a weak crystal field that 
gives rise to a high spin state of the Fe2+ cations. [168] The high electronegativity of nitrogen 
atoms forces the satellite peak to be shifted to 717.94 eV. In addition, the binding energy of 





Figure 3.4: PXRD of MTF-Fe. 
 
The PXRD analysis of the MTF-Fe is shown in Fig. 3.4.  Absence of any sharp peak 







3.2.2.6 Surface area and pore size distribution analysis 
 
 
Figure 3.5: (a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, and (b) pore size 
distribution calculated from the nitrogen adsorption-desorption isotherms at 77K by applying 
the DFT pore size analysis method. 
 
The specific surface area and pore size distribution (PSD) of the MTF-Fe was measured by 
nitrogen adsorption-desorption isotherms at 77K and 1 bar. As can be seen, the adsorption 
isotherm shows a steep gas uptake at relatively low pressures which becomes flat in the 
middle region (Fig. 3.5a). This behaviour confirms microporous nature of the synthesized 
MTF-Fe material. The results indicate that the MTF-Fe has Brunauer-Emmet-Teller (BET) 
surface area and Langmuir surface area up to 175 m2/g and 279 m2/g, respectively. The 
surface area of MTF-Fe is lower than many MOFs and activated carbons, but comparable to 
the reported Kubas type metal hydrazide gel materials. [3] In addition, the lower surface area 
of MTF-Fe than the reported surface area of melamine-terephthaldehyde based network 
[164] may be attributed to the functionalized iron metals in the framework.  
 
The DFT pore size distribution was calculated from N2 adsorption-desorption isotherms at 
77K (Fig. 5.3b). The MTF-Fe shows a wide range of nano-pores and the total pore volume 
up to 0.37cm3/g. 
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3.2.2.7 Scanning electrochemical microscope (SEM) 
 
 
Figure 3.6: SEM micrograph of MTF-Fe. 
 
Microporous structure of the MTF-Fe is further investigated by scanning electron 
microscopy (SEM). The SEM image of MTF-Fe (Fig. 3.6) reveals that a series of 
agglomerates are interconnected to each other to form a continuous microporous network. 
These amorphous loosely packed structures of the MTF-Fe are important in enhancing the 
accessibility of adsorbate molecules to the active metal sites of the host material. [164]  
3.2.2.8 Hydrogen storage measurement 
 
 
Figure 3.7: (a) Excess hydrogen uptake for MTF-Fe at 298K and 77K, and (b) excess 




The excess hydrogen adsorption isotherms of a MTF-Fe sample at 77K and 298K were 
measured and the results are shown in Fig. 3.7a. Essentially, the isotherms increase linearly 
with the applied pressure without saturation, as has been commonly seen in Kubas type metal 
hydrazide gel materials.[2, 3, 10] It is important to note that a linear increase of adsorption 
uptake upon gas compression should be ruled out because the apparatus with an empty 
sample chamber was thoroughly calibrated at 100 atm prior to the test (Fig. 3.7a). The 
isotherm at 77K reveals that the maximum hydrogen storage capacity is approximately 2.3 
wt% at 100 atm, which is substantially lower than the capacity of high surface porous 
materials.[1, 8] The results imply that the surface area of the MTF-Fe complex might be too 
small to accommodate a large amount of hydrogen. A similar behaviour of hydrogen 
adsorption isotherm is observed at 298 K, where the maximum hydrogen storage capacity 
was found to be up to 1.7 wt% at 100 atm, which is among the highest capacities of hydrogen 
physisorption materials at near ambient temperatures ever reported to date. The excess 
hydrogen uptake capacity of MTF-Fe at 298K is comparable to the previously reported 
materials, such as H2-Cr-MHz (1.0) (1.65 wt% at 85 bar), [3] vanadium hydride gel C150 
(1.17 wt% at 85 bar), [142] manganese hydride gel B100 (1.06 wt% at 85 bar).[2] 
Furthermore, the hydrogen uptake capacity of MTF-Fe at 298K is higher than open metal site 
MOFs, such as PCN-68 (1.01 wt% at 90 bar), [80] PCN-66 (0.785 wt% at 90 bar), [80] Mn-
BTT (0.94 wt% at 90 bar), [88] Ni(dhtp)2 (0.3 wt% at 70 bar), [143] Cu(peip) (0.46 wt% at 
100 bar), [90] and Sm2Zn3(oxdc)6 (0.54 wt% at 35 bar). [91] The adsorption was found 
completely reversible with stable cycle performance at 298K and 100 atm as demonstrated in 





Figure 3.8:  (a) Hydrogen adsorption at 298K and 273K, and (b) calculated isosteric heat of 
adsorption using Clapeyron-Clausius equation. 
 
To support the hydrogen storage capacity of the MTF-Fe, isosteric heat of adsorption was 
calculated using Clapeyron-Clausius equation taking hydrogen storage data of the MTF-Fe at 
298K and 273K (Fig. 3.8a). The results reveals that the MTF-Fe shows a high heat of 
adsorption up to 14.8 kJ/mol which is due to presence of exposed iron metal sites in the 
MTF-Fe complex. 
 
3.2.2.9 Electron paramagnetic resonance spectroscopy (EPR) 
 
 
Figure 3.9: The EPR spectra of MTF-Fe at 173K (a) under argon atmosphere (black), and (b) 
under hydrogen atmosphere (red). Experimental condition: frequency = 9.2 GHz, microwave 





The metal-hydrogen interaction was further confirmed by electron paramagnetic resonance 
spectroscopy (EPR) via two separate experiments under argon and hydrogen atmosphere at 
173 K and 1 atm pressure (Fig. 3.9). The X-band (9.4 GHz) EPR spectrum under argon 
atmosphere at 173K displays a feature at 325.38 (mT, g= 2.02159), diagnostic to be 
associated with the high spin Fe (II) center (3d6, S=2). The broad signal in EPR was obtained 
due to the high concentration of solid sample.[2] In the hydrogen atmosphere, the peak 
intensity is slightly enhanced (Fig. 3.9), resulting from the change of spin states at the metal 
center upon hydrogen adsorption. Compared with hydrogen adsorption in the Mn hydrazide 
gel material, [2] the peak intensity is modestly enhanced due to the relatively lower loading 
of metals in MTF-Fe. Restoration of the peak intensity can also be achieved upon subsequent 















3.3 Cross-linked melamine-terephthaldehyde framework based organo-chromium 
complex  
3.3.1 Experimental 
Synthesis of cross-linked melamine-terephthaldehyde framework based organo-
chromium complex (MTF-Cr) 
MTF-Cr was synthesized in a three-step reaction, as shown in Scheme 3.2. In the first step, 
synthesis of Cr[N(SiMe3)2]2 was done by reacting CrCl2 with 2 molar equivalent of 
LiN(SiMe3)2 at room temperature in an anhydrous tetrahydrofuran solvent under argon 
atmosphere followed by purification, similar to the published procedure. [136, 158-161, 169] 
In the second step, a flame-dried three neck flask fitted with a condenser and a magnetic 
stirring bar was charged with melamine (500 mg, 3.96 mmol) and diglyme (40 ml) solvent. 
After degassing by argon bubbling, Cr[N(SiMe3)2]2 (5.94 mmol) was charged to the above 
flask and  heated at 80 oC for 12 hrs under argon atmosphere, which produced the Cr-
modified-melamine and hexamethyldisilazane (HMDS). [160, 161] The HMDS (boiling 
point 126 oC) was removed from the reaction mixture under a reduced pressure at 100 oC. In 
the third step, 1,4-benzenedicarboxaldehyde (796 mg, 5.94 mmol)  and diglyme (20 ml) were 
added into the reaction mixture, [162-164] which was stirred at 160 oC for 72 hrs under argon 
atmosphere. After cooling it to room temperature, the precipitated MTF-Cr was filtered and 
washed with excess of anhydrous acetone, anhydrous tetrahydrofuran, and anhydrous 
dichloromethane. The solvents were removed under a reduced pressure by using a rotary 
evaporator. Final drying was done at 190 oC under vacuum in a tube furnace to produce a 






Scheme 3.2: Synthetic protocol for the MTF-Cr. 
 
3.3.2 Results and discussions 
 
3.3.2.1 Elemental analysis (EA) 
 
Table 3.3: Elemental analysis data of MTF-Cr. 
MTF-Cr C % H % N % Cr % 
Expected 49.66 3.47 28.96 17.91 




3.3.2.2 Thermogravimetric analysis (TGA) 
 
 
Figure 3.10: A comparison of TGA thermograms of melamine, (black) terephthaldehyde, 
(red) and MTF-Cr (blue) under nitrogen atmosphere at 5 oC/min heating rate. 
 
Successful synthesis of the MTF-Cr complex is supported by elemental analysis data that 
yields reasonable match between the expected and the detected data (Table 3.3).  The TGA 
thermograms of melamine, terephthaldehyde and synthesized MTF-Cr complex are displayed 
in Fig. 3.10.  The higher thermal stability of the MTF-Cr complex up to 462 oC than the 
melamine (342 oC) and the terephthaldehyde (163 oC) confirms the synthesis of the MTF-Cr. 
The MTF-Cr shows an initial 12 % weight loss before 200 oC which can be attributed to 
adsorbed moisture or trapped solvents in the nano-pores of the material. In addition, the 
major weight loss at 462 oC may be attributed to the degradation of triazine ring of the MTF-









3.3.2.3 Fourier transform infrared spectroscopy (FTIR) 
 
 
Figure 3.11: Fourier transform infrared (FTIR) spectrum of MTF-Cr. 
 
 
Table 3.4: Table of characteristics IR absorption peaks of the MTF-Cr. 
 
Adsorption peak (cm-1) Appearance Type of bonds 
1546, 1400 cm-1 strong Triazine ring  
1613 cm-1 strong C=C (aromatic) 
2930 cm-1 weak C-H (aromatic) 
3200-3400 cm-1 strong Adsorbed moisture, 













Figure 3.12: X-ray photoelectron (XPS) spectra (a) high resolution scan of C 1s, (b) high 
resolution scan of N 1s, (c) high resolution scan of Cr 2p1/2 & 2p3/2, and (d) a complete 
scan for MTF-Cr. 
 
X-ray photoelectron spectra (XPS) for MTF-Cr are displayed in Fig. 3.12. The XPS data also 
support the synthesis of MTF-Cr complex. C1s peak of the MTF-Cr can be fitted into a group 
of four peaks at 283.37, (carbon atoms in benzene ring) 284.86, 286.89 (carbon atoms of the 
linkers) and 288.65 eV (carbon atoms of the triazine ring) (Fig. 3.12a). [166, 167] 
Furthermore, N1s peak of the MTF-Cr can be fitted into a group of three peaks at 397.44, 
398.73 and 400.15 eV (Fig. 3.12b). The peak at binding energy of 397.44 eV corresponds to 
nitrogen of the triazine ring (C=N-C), and other two peaks (398.73 eV and 400.15 eV) 
correspond to the -N- atoms (linker and C=N-C) coordinated to the chromium metal. In 
addition, the peak at 529 eV for O1s (Fig. 3.12d) corresponds to minor O-containing groups, 
such as C-O-C, C-OH, C=O. [164] The binding energy of the Cr 2p1/2 and Cr 2p3/2 peaks are 
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found up to 585.51 eV and 575.84 eV, respectively (Fig. 3.12c).  The Cr 2p peak position 
depends upon the ligand environment of the Cr metal, and therefore, explicitly identification 
the oxidation state of the metals are a challenging task. Nevertheless, both Cr (II) and Cr (III) 




Figure 3.13: PXRD of MTF-Cr. 
 
The PXRD analysis of the MTF-Cr is shown in Fig. 3.13. Absence of any sharp peak 











3.3.2.6 Surface area and pore size distribution analysis 
 
 
Figure 3.14: (a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, and (b) pore size 
distribution calculated from the nitrogen adsorption-desorption isotherms at 77K by applying 
the DFT pore size analysis method. 
 
The specific surface area and pore size distribution (PSD) of the MTF-Cr were measured by 
nitrogen adsorption-desorption isotherms at 77K and 1 bar (Fig. 3.14a). The results indicate 
that the MTF-Cr has BET surface area and Langmuir surface area up to 130 m2/g and 210 
m2/g, respectively. The surface area of MTF-Cr is lower than many MOFs, activated carbons 
and melamine-terephthaldehyde based network without metal incorporation, [162-164] but 
comparable to the reported Kubas type metal hydrazide gel materials. [2-4, 10]  
The DFT pore size distribution calculated from N2 adsorption-desorption isotherms at 77K is 
presented in Fig. 3.14b. The results indicate that the MTF-Cr shows a wide range of nano-








3.3.2.7 Scanning electrochemical microscope (SEM) 
 
 
Figure 3.15: SEM micrograph of MTF-Cr. 
 
Microporous structure of the MTF-Cr is investigated by scanning electron microscopy 
(SEM) (Fig. 3.15). The results reveal that the MTF-Cr complex is formed by sequences of 
loosely packed agglomerates which are interconnected to each other to form a continuous 
nano-porous network.  
 
3.3.2.8 Hydrogen storage measurement 
 
 
Figure 3.16: (a) Excess hydrogen uptake for MTF-Cr at 298K and 77K, and (b) excess 





The hydrogen adsorption-desorption isotherms of the MTF-Cr sample were measured at 77K 
and 298K, and the results are shown in Fig. 3.16a. The hydrogen adsorption isotherms 
increase linearly with the applied pressure without saturation. [2, 3, 10] The isotherm at 77K 
reveals that the excess hydrogen storage capacity is approximately 2.2 wt% at 100 atm, 
which is lower than the reported capacities of MOFs and carbon based adsorbents materials 
due to a low surface area of the MTF-Cr.[1, 8] In addition, the results confirm that the MTF-
Cr shows excess hydrogen storage capacity of 1.8 wt % at 298K and 100 atm, which is 
significantly higher than the previously reported hydrogen storage capacities of the exposed 
metal MOFs [1, 88, 135, 170] and comparable to the reported Kubas type metal hydrazide 
gel materials. [2-4, 10] The reversibility of the hydrogen storage on the MTF-Cr and the long 
term cyclic stability were confirmed by ten fully reversible hydrogen adsorption-desorption 
cycles at 298K and 100 atm (Fig. 3.16b).  
 
 
Figure 3.17: (a) Hydrogen adsorption at 298K and 273K, and (b) calculated isosteric heat of 
adsorption using Clapeyron-Clausius equation. 
 
To support the high hydrogen uptake at 298K, the isosteric heat of adsorption was calculated 
from the isotherms at 273K and 298K by using Clausius-Clapeyron equation (Fig. 3.17a). 
The high isosteric heat of adsorption up to 14.5 kJ/mol supports the strong host-H2 
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interactions which lead to a high hydrogen storage capacity at 298K (Fig. 3.17b). The strong 
host-H2 interactions can be attributed to the exposed Cr metals of the MTF-Cr complex. 
 
3.3.2.9 Electron paramagnetic resonance spectroscopy (EPR) 
 
 
Figure 3.18:  The EPR spectra of MTF-Cr at 298K (a) under argon atmosphere (red), and (b) 
under hydrogen atmosphere (black). Experimental condition: frequency = 9.2 GHz, 
microwave power = 0.24900 mW, time constant = 0.3 s, sweep time = 4 min, MOD 
frequency = 100 kHz. 
 
The metal-hydrogen interactions were further confirmed by electron paramagnetic resonance 
spectroscopy (EPR) measurements. The EPR measurements were done under argon and 
hydrogen atmosphere, respectively (Fig. 3.18). The X-band (9.4 GHz) EPR spectrum under 
argon atmosphere at 298K and 1 atm displays a signal centred at 334.28 (mT, g= 1.97). The 
broad signal in EPR was obtained due to the high concentration of solid sample.[2] In the 
hydrogen atmosphere, the peak intensity is significantly enhanced, resulting from the change 
of spin states at the metal center upon hydrogen adsorption. Restoration of the peak intensity 




3.4 Cross-linked melamine-terephthaldehyde framework based organo-magnesium 
complex  
3.4.1 Experimental 
Synthesis of cross-linked melamine-terephthaldehyde framework based organo-
chromium complex (MTF-Mg)  
MTF-Mg was synthesized in a two-step reaction, as shown in Scheme 3.3. In the first step, a 
flame-dried three neck flask fitted with a dry ice-acetone Dewar and a magnetic stirring bar 
was charged with melamine (500 mg, 3.96 mmol) and hexane (40 ml) solvent. After 
degassing by argon bubbling, dibutylmagnesium reagent (5.94 mmol) was charged drop wise 
to the flask using a syringe. After string the reaction mixture at -78 oC for 12 hrs, the hexane 
was removed under reduced pressure to produce an off white color Mg-modified-melamine 
powder.  
In the second step, a condenser was fixed to the three neck flask and ca. 20 ml diglyme 
solvent was injected into the flask. After string it for ca. 5 minutes, terephthaldehyde (796 
mg, 5.94 mmol) in ca. 20 ml diglyme was charged to the flask and stirred at 160 oC for 72 hrs 
under argon atmosphere. After cooling it to room temperature, the precipitated MTF-Mg was 
then filtered and washed with excess of anhydrous acetone, anhydrous tetrahydrofuran, and 
anhydrous dichloromethane. The solvents were removed under a reduced pressure by using a 
rotary evaporator. Final drying was done at 190 oC under vacuum in a tube furnace to 





Scheme 3.3: Synthetic protocol for the MTF-Mg. 
 
 
3.4.2 Results and discussions 
 
3.4.2.1 Elemental analysis (EA) 
 
 
Table 3.5: Elemental analysis data of MTF-Mg complex. 
 
MTF-Mg C % H % N % Mg % 
Expected 45.97 2.97 35.74 15.50 




3.4.2.2 Thermogravimetric analysis (TGA)  
 
 
Figure 3.19: TGA thermograms of melamine (red), terephthaldehyde (purple) and MTF-Mg 
(black) under nitrogen atmosphere at 5oC/min heating rate. 
 
Successful synthesis of the MTF-Mg complex is supported by the elemental analysis data 
tabulated in the Table 3.5. TGA thermograms of melamine, terephthaldehyde and 
synthesized MTF-Mg complex are displayed in Fig. 3.19.  The subsequently higher thermal 
stability of the MTF-Mg complex up to 524 oC than the melamine (342 oC) and the 
terephthaldehyde (163 oC) supports the successful synthesis of the MTF-Mg complex. The 
major weight loss at 524 oC can be attributed to the degradation of triazine ring of the MTF-
Mg. Also, an initial 8 % weight loss before 280 oC can be attributed to adsorbed moisture or 
trapped solvents in the nano-pores of the MTF-Mg. The MTF-Mg retains 38 % of its mass at 
900 oC under nitrogen atmosphere which is higher than melamine, terephthaldehyde and 








3.4.2.3 Fourier transform infrared spectroscopy (FTIR) 
 
 




Table 3.6: Table of characteristics IR absorption peaks of the MTF-Mg. 
 
Adsorption peak (cm-1) Appearance Type of bonds 
1272 cm-1 medium C-N str. 
1554, 1402 cm-1 strong Triazine ring  
1608 cm-1 strong C=C (aromatic) 
2927 cm-1 weak C-H (aromatic) 








3.4.2.4 X-ray photoelectron spectroscopy (XPS) 
 
 
Figure 3.21: X-ray photoelectron (XPS) spectra (a) high resolution scan of C 1s, (b) high 
resolution scan of N 1s, (c) high resolution scan of Mg 2p, and (d) a complete scan for MTF-
Mg. 
 
The successful synthesis of the MTF-Mg is also supported by the X-ray photoelectron 
spectra (XPS) shown in Fig. 3.21. C1s of the MTF-Mg (Fig. 3.21 a) can be fitted into four 
peaks corresponding to the carbon atoms in benzene ring, (283.63 eV) the linkers (carbon 
atom bonded to the more electronegative N or O atoms 284.98, 287.10 eV ) and triazine ring 
(288.60 eV). [166, 167] The peak for O1s due to minor O-containing groups (C-O-C, C-OH 
and C=O). [164] Similarly, the N1s peak can be fitted into three peaks corresponding to the 
nitrogen atom of triazine group (C=N-C) (396.31 eV), and coordinated to the magnesium 
metal (397.56 eV and 398.81 eV) (Fig. 3.21 b). [164] The high electronegativity of nitrogen 







Figure 3.22: PXRD of MTF-Mg. 
 
The PXRD analysis of the MTF-Mg is shown in Fig. 3.22. Absence of any sharp peak 
confirms the amorphous nature of the MTF-Mg complex.  
 
3.4.2.6 Surface area and pore size distribution analysis 
 
Figure 3.23: (a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, and (b) pore size 
distribution calculated from the nitrogen adsorption-desorption isotherms at 77K by applying 
the DFT pore size analysis method. 
 
The specific surface area and pore size distribution (PSD) of the MTF-Mg were measured by 
nitrogen adsorption-desorption isotherms at 77K and 1 bar (Fig. 3.23a). The results confirm 
that the MTF-Mg has BET surface area and Langmuir surface area up to 137 m2/g and 222 
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m2/g, respectively. The surface area of MTF-Mg is lower than the reported values of many 
MOFs, activated carbons and melamine-terephthaldehyde based network without metal 
incorporation, [162-164] but comparable to the reported Kubas type metal hydrazide gel 
materials. [2-4, 10]  
The DFT pore size distribution calculated from N2 adsorption-desorption isotherms at 77K is 
presented in Fig. 3.23b. The results indicate that the MTF-Mg has a wide range of nano-pores 
and the total pore volume up to 0.39 cm3/g. 
3.4.2.7 Scanning electrochemical microscope (SEM) 
 
 
Figure 3.24: SEM micrograph of MTF-Mg. 
 
The porous structure of the MTF-Mg is investigated by scanning electron microscopy (SEM) 
provided in Fig. 3.24. The results confirm that the MTF-Mg has a series of agglomerates 
interconnected to each other to form a continuous porous network. [164]  
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3.4.2.8 Hydrogen storage measurement 
 
Figure 3.25: (a) Excess hydrogen uptake for MTF-Mg at 298K and 77K, and (b) excess 
hydrogen uptake at 298K and 100 atm in eight fully reversible adsorption-desorption cycles 
for MTF-Mg. 
 
The hydrogen adsorption-desorption isotherms of the MTF-Mg sample at 77K and 298K 
were measured and the results are shown in Fig. 3.25a. The hydrogen adsorption isotherms 
increase linearly with the applied pressure without saturation, as has been commonly seen in 
Kubas type hydrazide gel materials.[2, 3, 10] The isotherm at 77K reveals that the excess 
hydrogen storage capacity is approximately 1.5 wt% at 100 atm, which is lower than the 
capacities of high surface area materials mainly due to a low surface area of the MTF-Mg.[1, 
8] In addition, the results confirm that the MTF-Mg shows excess hydrogen storage capacity 
of 0.8 wt % at 298K and 100 atm, which is comparable to the previously reported hydrogen 
storage capacities of the exposed metal MOFs [1, 88, 135, 170] and the metal hydrazide gel 
materials. [2-4, 10] The reversibility of the hydrogen storage on the MTF-Mg and the long 
term cyclic stability were confirmed by eight fully reversible hydrogen adsorption-desorption 




Figure 3.26: (a) Hydrogen adsorption at 298K and 273K, and (b) calculated isosteric heat of 
adsorption using Clapeyron-Clausius equation. 
 
The hydrogen storage capacity of the MTF-Mg is supported by the isosteric heat of 
adsorption calculated from the isotherms at 273K and 298K (Fig. 3.26 a). The results confirm 
that the isosteric heat of adsorption is found up to 14.6 kJ/mol. The heat of adsorption well 
supports the strong host-H2 interactions which lead to a high hydrogen storage capacity at 
298K (Fig. 3.26 b). The strong host-H2 interactions can be attributed to the exposed 
magnesium metals of the MTF-Mg complex. 
 
3.5 Conclusion 
Highly cross-linked melamine-terephthaldehyde framework based exposed organo-metal 
complexes have been synthesized successfully. The synthesized MTF-Fe, MTF-Cr and MTF-
Mg complexes show an excess hydrogen storage capacity of 1.7 wt%, 1.8 wt% and 0.8 wt% 
at 298K and 100 atm, respectively. The high hydrogen uptakes of these materials are 
supported by a high isosteric heat of adsorption and EPR measurements. The isosteric heat of 
adsorption for MTF-Fe, MTF-Cr and MTF-Mg complexes are found up to 14.8, 14.5 and 








Chapter 4 Cross-linked phloroglucinol-


















In this chapter, functionalization of the exposed metals into cross-linked phloroglucinol-
terephthaldehyde framework is discussed. The phloroglucinol-terephthaldehyde framework 
was functionalized with Fe, Cr and Mg metals, respectively.  
 




Synthesis of cross-linked phloroglucinol-terephthaldehyde framework based organo-
iron complex (PTF-Fe) 
PTF-Fe was synthesized in a three-step reaction, as shown in Scheme 4.1. In the first step, 
synthesis of Fe[N(SiMe3)2]2 was done by reacting FeCl2 with 2 molar equivalent of 
LiN(SiMe3)2 at room temperature in an anhydrous tetrahydrofuran solvent under argon 
atmosphere followed by purification, similar to the published procedure. [158, 159] In the 
second step, a flame-dried three neck flask fitted with a magnetic stirring bar was charged 
with phloroglucinol (500 mg, 3.96 mmol) and toluene (40 ml) solvent. After degassing by 
argon bubbling, Fe[N(SiMe3)2]2 (5.94 mmol) was charged to the above flask and  heated at 
80 oC for 12 hrs under argon atmosphere, which produced the Fe-modified-phloroglucinol 
and hexamethyldisilazane (HMDS). [160, 161] The solvent and HMDS was removed under 
reduced pressure. In the third step, Fe-modified-phloroglucinol, terephthaldehyde (796 mg, 
5.94 mmol) and ca. 15 ml 1,4 dioxane was charged into a  Teflon lined autoclave in a glove 
box. The autoclave was placed in an oven at 180 oC for 4 days. After cooling at room 
temperature, a dark red powder was obtained, which was subsequently washed with excess of 
tetrahydrofuran, 1,4 dioxane and hexane, respectively. The red powder was dried in tube a 










Table 4.1: Elemental analysis of the PTF-Fe. 
PTF-Fe complex C % H % Fe % 
Expected 50.71 1.86 22.10 










Figure 4.1: A comparison of TGA thermograms of phloroglucinol, (red) terephthaldehyde, 
(black) and PTF-Fe (blue) under nitrogen atmosphere at 5 oC/min heating rate. 
 
 
The successful synthesis of the PTF-Fe is supported by the elemental analysis, tabulated in 
the Table 4.1. The TGA thermograms of the starting materials and the synthesized PTF-Fe 
compound are displayed in Fig. 4.1. The PTF-Fe compound shows a steep weight loss about 
420 oC which is substantially higher than the degradation temperature of the melamine (342 
oC) and the terephthaldehyde (163 oC). The higher thermal stability of the PTF-Fe confirms 
the success of the poly-condensation reaction between Fe-modified-phloroglucinol and 
terephthaldehyde.  
 
The PTF-Fe shows an initial weight loss of 10 % before 200 oC which can be attributed to 
adsorbed moisture or trapped solvents in the nano-pores of the PTF-Fe. In addition, the major 
weight loss around 420 oC can be attributed to the degradation of triazine ring of the MTF-






Figure 4.2: Fourier transform infrared (FTIR) spectrum of the PTF-Fe. 
 
 
Table 4.2: Table of characteristics IR absorption peaks of the PTF-Fe. 
 
Adsorption peak (cm-1) Appearance Type of bonds 
3200-3400 cm-1 broad Adsorbed moisture, 
un-reacted –OH  
2921 cm-1 weak C-H (aromatic) 
1610, 1407 cm-1 strong C=C str. (aromatic) 











Figure 4.3: X-ray photoelectron (XPS) spectra (a) high resolution scan of C 1s, (b) high 
resolution scan of N 1s, (c) high resolution scan of Fe 2p1/2 & 2p3/2, and (d) a complete 
scan for PTF-Fe. 
 
X-ray photoelectron spectra (XPS) for the PTF-Fe are displayed in Fig. 4.3. The XPS data 
also support the synthesis of the PTF-Fe complex. C1s peak of the PTF-Fe can be fitted into 
a group of four peaks at 284.82 eV (carbon atoms in benzene ring), 285.67 eV (carbon atoms 
of the linkers), 286.41 eV (C=C-O) and 288.45 eV (C=C-O) (Fig. 4.3a). [166, 167] 
Similarly, O1s peak of the PTF-Fe can be fitted into 530.66 eV (C=O), 531.77 eV (-OH), 
532.57 eV (C-O) and 533.92 eV(C-O) (Fig. 4.3b). The binding energy of the Fe 2p1/2 and Fe 
2p3/2 peaks are found up to 724.81 eV and 711.34 eV, respectively (Fig. 4.3c).  The binding 
energy of the Fe 2p3/2 peak at 711.34 eV is close to the binding energy of the Fe (II) and Fe 







Figure 4.4: PXRD of PTF-Fe. 
 
The PXRD analysis of the PTF-Fe is shown in Fig. 4.4. Absence of any sharp peak confirms 




Figure 4.5: (a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, and (b) pore size 
distribution calculated from the nitrogen adsorption-desorption isotherms at 77K by applying 
the DFT pore size analysis method. 
The specific surface area and pore size distribution (PSD) of the PTF-Fe were measured by 
nitrogen adsorption-desorption isotherms at 77K and 1 bar. The adsorption isotherm shows a 
steep gas uptake at relatively low pressures, and becomes flat in the middle region. This 
behavior confirms a microporous nature of the synthesized PTF-Fe material (Fig. 4.5a). The 
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results indicate that the PTF-Fe has BET surface area and Langmuir surface area up to 95 
m2/g and 102 m2/g, respectively. The surface area of the PTF-Fe is found lower than the 
values of many MOFs [1, 130, 135] and activated carbons, [8] but comparable to the metal 
hydrazide gel materials. [2-4] It is also noticed that the metal functionalization of the 
phloroglucinol-terephthaldehyde network caused a significant drop in surface area of the 
resultant PTF-Fe complex. [172] 
The DFT pore size distribution was calculated from N2 adsorption-desorption isotherms at 
77K (Fig. 4.5b). The PTF-Fe shows a wide range of nano-pores and the total pore volume up 




Figure 4.6: SEM micrograph of the PTF-Fe complex. 
 
The SEM micrograph of the PTF-Fe material reveals a general morphology of the material 
which is the best described as aggregates of the particles (Fig. 4.6). These aggregates form a 
continuous porous structure. These amorphous loosely packed structures of the PTF-Fe are 
important in enhancing the accessibility of adsorbate molecules to the active metal sites of 






Figure 4.7:  (a) Excess hydrogen uptake for PTF-Fe at 298K and 77K, and (b) excess 
hydrogen uptake at 298K and 100 atm in seven fully reversible adsorption-desorption cycles 
for PTF-Fe. 
 
The hydrogen adsorption-desorption isotherms of the PTF-Fe sample were measured at 77K 
and 298K and the results are shown in Fig. 4.7a. The hydrogen adsorption isotherms increase 
linearly with the applied pressure without any saturation. [2, 3, 10] The isotherm at 77K 
reveals that the maximum excess hydrogen storage capacity is approximately 2.0 wt% at 100 
atm, which is lower than the capacity of high surface area materials due to a low surface area 
of the PTF-Fe. [1, 8] In addition, the results confirm that the PTF-Fe can  exhibit excess 
hydrogen storage capacity of 1.58 wt % at 298K and 100 atm, significantly higher than the 
previously reported hydrogen storage capacities of the exposed metal MOFs [1, 88, 135, 170] 
and comparable to capacities of the Kubas type metal hydrazide gel materials. [2-4, 10] The 
reversibility of the hydrogen storage on the PTF-Fe and the long term cyclic stability were 
confirmed by 8 fully reversible hydrogen adsorption-desorption cycles at 298K and 100 atm 





Figure 4.8:  (a) Hydrogen adsorption at 298K and 273K, and (b) calculated heat of adsorption 
by using Clapeyron-Clausius equation. 
 
 
To support this deduction, the isosteric heat of adsorption was calculated from the isotherms 
at 273K and 298K by using Clausius-Clapeyron equation (Fig. 4.8a). The isosteric heat of 
adsorption up to 13.4 kJ/mol supports the strong host-H2 interactions (Fig. 4.8b). The strong 
host-H2 interactions may be attributed to the exposed iron metals of the PTF-Fe complex. 
 
4.2.2.9 Electron paramagnetic resonance spectroscopy (EPR) 
 
 
Figure 4.9: The EPR spectra of PTF-Fe at 298K (a) under argon atmosphere (red), and (b) 
under hydrogen atmosphere (black). Experimental condition: frequency = 9.2 GHz, 
microwave power = 0.00010 mW, time constant = 0.3 s, sweep time = 4 min, MOD 




The metal-hydrogen interaction was further confirmed by electron paramagnetic resonance 
spectroscopy (EPR) via two separate experiments under argon and hydrogen atmosphere at 
298K. The X-band (9.4 GHz) EPR spectra under argon and hydrogen atmosphere show 
distorted signal. The possible reason of such distortion may be due to skin-effect. [173] The 
skin-effect is apparent in the PTF-Fe may be due to high concentration of the solid sample. 
Therefore, the broad signal in EPR was obtained (Fig. 4.9).  In the hydrogen atmosphere, the 
signal intensity was enhanced significantly. The enhancement in signal intensity may be as a 
result of change in spin state at the metal center. The signal intensity restoration can be 
achieved upon subsequent removal of hydrogen environment. Further study is needed to find 


















Synthesis of cross-linked phloroglucinol-terephthaldehyde framework based organo-
chromium complex (PTF-Cr) 
PTF-Cr was synthesized in a three-step reaction, as shown in Scheme 4.2. In the first step, 
synthesis of Cr[N(SiMe3)2]2 was done by reacting CrCl2 with 2 molar equivalent of 
LiN(SiMe3)2 at room temperature in an anhydrous tetrahydrofuran solvent under argon 
atmosphere followed by purification, similar to the published procedure. [158-161, 169] In 
the second step, a flame-dried three neck flask fitted with a magnetic stirring bar was charged 
with phloroglucinol (500 mg, 3.96 mmol) and toluene (40 ml) solvent. After degassing by 
argon bubbling, Cr[N(SiMe3)2]2 (5.94 mmol) was charged to the above flask and  heated at 
80 oC for 12 hrs under argon atmosphere which produced the Cr-modified-phloroglucinol 
and hexamethyldisilazane (HMDS). [160, 161] The solvent and HMDS was removed under 
reduced pressure. In the third step, Cr-modified-phloroglucinol, terephthaldehyde (796 mg, 
5.94 mmol) and 15 ml 1,4 dioxane were charged into a Teflon lined autoclave in a glove box. 
The autoclave was placed in an oven at 180 oC for 4 days. After cooling at room temperature, 
the PTF-Cr was washed with excess of THF, 1,4 dioxane and hexane. The PTF-Cr was dried 









Scheme 4.2: Synthetic protocol for the PTF-Cr. 
 
4.3.2 Results and discussions 
 
4.3.2.1 Elemental analysis (EA) 
 
Table 4.3: Elemental analysis data of PTF-Cr. 
 
PTF-Cr C % H % Cr % 
Expected 55.35 2.03 14.98 








4.3.2.2 Thermogravimetric analysis (TGA) 
 
 
Figure 4.10: TGA thermograms of phloroglucinol (red), terephthaldehyde (black), and PTF-
Cr (blue) under nitrogen atmosphere at 5 oC/min heating rate. 
 
 
The synthesis of PTF-Cr is well supported by elemental analysis data tabulated in Table 4.3. 
The PTF-Cr complex shows a steep weight loss about 420 oC under nitrogen environment 
and retain 44 % weight at 600 oC, as demonstrated by thermogravimetric analysis (Fig. 4.10). 
Furthermore, the higher thermal stability of the PTF-Cr than phloroglucinol (256 oC) and 
terephthaldehyde (163 oC) confirms the copolymerization between Cr-modified-
phloroglucinol and terephthaldehyde. The initial weight loss of 10% before 150 oC may be 









4.3.2.3 Fourier transform infrared spectroscopy (FTIR) 
 
 
Figure 4.11: Fourier transform infrared (FTIR) spectrum of PTF-Cr. 
 
 
Table 4.4: Table of characteristics IR absorption peaks of the PTF-Cr. 
 
Adsorption peak (cm-1) Appearance Type of bonds 
3200-3400 cm-1 strong Adsorbed moisture, unreacted 
–OH groups 
2923 cm-1 weak C-H (aromatic) 
1604, 1407 cm-1 strong C=C (aromatic) 









4.3.2.4 X-ray photoelectron spectroscopy (XPS) 
 
 
Figure 4.12: X-ray photoelectron (XPS) spectra (a) high resolution scan of C 1s, (b) high 
resolution scan of O 1s, (c) high resolution scan of Cr 2p1/2 & 2p3/2, and (d) a complete 
scan for PTF-Cr. 
 
X-ray photoelectron spectra (XPS) for the PTF-Cr are displayed in Fig. 4.12. The XPS data 
also support the synthesis of the PTF-Cr complex. C1s peak of the PTF-Cr can be fitted into 
a group of four peaks at 283.24 eV (carbon atoms in benzene ring), 284.90 eV (carbon atoms 
of the linkers), 286.56 eV (C=C-O) and 288.62 eV (C=C-O) (Fig. 4.12a). [166, 167] 
Similarly, O1s peak of the PTF-Cr can be fitted into 528.79 eV (C=O), 530.57 eV (-OH) and 
532.07 eV (C-O) (Fig. 4.12b). The binding energy of the Cr 2p1/2 and Cr 2p3/2 peaks are 
found up to 585.73 and 576.16 eV, respectively (Fig. 4.12c).  The Cr 2p peak position 
depends upon the ligand environment of the Cr metal, and therefore, explicitly identification 
the oxidation state of the metals is a challenging task. Nevertheless, the binding energy of the 
Cr 2p3/2 peak at 576.16 eV is close to the binding energy of the Cr (II) and Cr (III) 2p3/2, thus 






Figure 4.13: PXRD of PTF-Cr. 
 
The PXRD profile of the PTF-Cr complex does not contain any sharp signals which confirms 
that the PTF-Cr is an amorphous material with absence of long-rang order (Fig. 4.13).  
4.3.2.6 Surface area and pore size distribution analysis 
 
Figure 4.14: (a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, and (b) pore size 
distribution calculated from the nitrogen adsorption-desorption isotherms at 77K by applying 
the DFT pore size analysis method. 
The specific surface area and pore size distribution (PSD) of the PTF-Cr were measured by 
nitrogen adsorption-desorption isotherms at 77K and 1 bar (Fig. 4.14a). The results indicate 
that the PTF-Cr has BET surface area and Langmuir surface area up to 106 m2/g and 170 
m2/g, respectively. The surface area of PTF-Cr is found lower than the values of many 
MOFs, activated carbons and phloroglucinol-terephthaldehyde based network without metal 
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incorporation, [162-164] but comparable to the reported metal hydrazide gel materials. [2-4, 
10]  
The DFT pore size distribution calculated from N2 adsorption-desorption isotherms at 77K is 
presented in Fig. 4.14b. The results indicate that the PTF-Cr possess a wide range of nano-
pores with total pore volume up to 0.095 cm3/g. 
4.3.2.7 Scanning electrochemical microscope (SEM) 
 
 
Figure 4.15: SEM micrograph of PTF-Cr. 
 
Microporous structure of the PTF-Cr is investigated by scanning electron microscopy (SEM) 
(Fig. 4.15). The results indicate that the PTF-Cr has a series of loosely packed interconnected 










4.3.2.8 Hydrogen storage measurement 
 
 
Figure 4.16:  (a) Excess hydrogen uptake for PTF-Cr at 298K and 77K, and (b) excess 
hydrogen uptake at 298K and 100 atm in ten fully reversible adsorption-desorption cycles for 
PTF-Cr. 
 
The hydrogen adsorption-desorption isotherms of the PTF-Cr sample were measured at 77K 
and 298K and the results are shown in Fig. 4.16a. The hydrogen adsorption isotherms 
increase linearly with the applied pressure without any saturation. [2, 3, 10] The isotherm at 
77K reveals that the excess hydrogen storage capacity is approximately 2.5 wt% at 100 atm, 
which is lower than the capacities of high surface area materials.[1, 8] In addition, the results 
confirm that the PTF-Cr can  exhibit excess hydrogen storage capacity of 2.0 wt % at 298K 
and 100 atm, significantly higher than the previously reported hydrogen storage capacities of 
the exposed metal MOFs [1, 88, 135, 170] and the reported metal hydrazide gel materials. [2-
4, 10] The reversibility of the hydrogen storage on the PTF-Cr and the long term cyclic 
stability were confirmed by 8 fully reversible hydrogen adsorption-desorption cycles at 298K 





Figure 4.17: (a) Hydrogen adsorption at 298K and 273K, and (b) calculated isosteric heat of 
adsorption using Clapeyron-Clausius equation. 
 
The isosteric heat of adsorption was calculated from the isotherms at 273K and 298K by 
using Clausius-Clapeyron equation (Fig. 4.17a). The isosteric heat of adsorption was found 
up to 15.5 kJ/mol which supports the strong host-H2 interactions leading to a high hydrogen 
storage capacity at 298K (Fig. 4.17b). The strong host-H2 interactions may be attributed to 
the exposed Cr metals of the PTF-Cr complex. 
4.3.2.9 Electron paramagnetic resonance spectroscopy (EPR) 
 
Figure 4.18: The EPR spectra of PTF-Cr at 298K (a) under argon atmosphere (red), and (b) 
under hydrogen atmosphere (black). Experimental condition: frequency = 9.2 GHz, 
microwave power = 0.24900 mW, time constant = 0.3 s, sweep time = 4 min, MOD 




To support the metal-hydrogen interactions further, electron paramagnetic resonance 
spectroscopy (EPR) measurements were done under argon and hydrogen atmosphere, 
respectively (Fig. 4.18). The X-band (9.4 GHz) EPR spectrum under argon atmosphere at 
298K and 1 atm displays a signal centered at 334.31 (mT, g= 1.97). The broad signal in EPR 
was obtained due to a high concentration of the solid sample. [2] In the hydrogen 
atmosphere, the peak intensity is significantly enhanced, resulting from the change of spin 
states at the metal center upon hydrogen adsorption. The enhanced Peak intensity can be 
























Synthesis of cross-linked phloroglucinol-terephthaldehyde framework based organo-
magnesium complex (PTF-Mg) 
PTF-Mg was synthesized in a two-step reaction, as shown in Scheme 4.3. In the first step, a 
flame-dried three neck flask fitted with a dry ice-acetone Dewar and a magnetic stirring bar 
was charged with melamine (500 mg, 3.96 mmol) and hexane (40 ml) solvent. After 
degassing by argon bubbling, dibutylmagnesium reagent (5.94 mmol) was charged drop wise 
to the flask using a syringe. After string the reaction mixture at -78 oC for 12 hrs, the hexane 
was removed under reduced vacuum to produce an off white color powder of Mg-modified-
phloroglucinol. In the second step, Mg-modified-phloroglucinol, 1,4-
benzenedicarboxaldehyde (796 mg, 5.94 mmol)  and 15 ml 1,4 dioxane were charged into a  
Teflon lined autoclave in a glove box. The autoclave was placed in an oven at 180 oC for 3 
days. After cooling at room temperature, a light yellow solid was obtained and washed with 
excess of THF, 1,4 dioxane and hexane, respectively. The solid was dried in tube furnace at 





Scheme 4.3: Synthetic protocol for the PTF-Mg.  
 
4.4.2 Results and discussions 
 
4.4.2.1 Elemental analysis (EA) 
 
 
Table 4.5: Elemental analysis data of PTF-Mg. 
 
PTF-Mg C % H % Mg % 
Expected 57.94 2.13 10.99 












Figure 4.19: TGA thermograms of phloroglucinol (black), terephthaldehyde (red) and PTF-
Mg (blue) under nitrogen environment at 5oC/min heating rate. 
 
Successful synthesis of the PTF-Mg complex is supported by the elemental analysis that 
yields reasonable match between the expected and the detected data (Table 4.5). The PTF-
Mg complex is stable up to 440 oC on heating under nitrogen environment, and retain 47 
wt% of their mass, as demonstrate by thermogravimetric analysis (Fig. 4.19). Furthermore, 
the higher thermal stability of the PTF-Mg than phloroglucinol and terephthaldehyde 
confirms the successful synthesis of the PTF-Mg upon copolymerization. In addition, initial 
10 % weight loss before 200 oC for the PTF-Mg is attribute to the trapped solvent in the 








4.4.2.3 Fourier transform infrared spectroscopy (FTIR) 
 
 
Figure 4.20: Fourier transform infrared (FTIR) spectrum of PTF-Mg. 
 
 
Table 4.6: Table of characteristics IR absorption peaks of the PTF-Mg. 
 
Adsorption peak (cm-1) Appearance Type of bonds 
3200-3400 cm-1 strong Adsorbed moisture,   
un-reacted –OH group 
2931 cm-1 strong C-H (aromatic) 
1614, 1544, 1406 cm-1 strong C=C (aromatic) 










4.4.2.4 X-ray photoelectron spectroscopy (XPS) 
 
 
Figure 4.21: X-ray photoelectron (XPS) spectra (a) high resolution scan of C 1s, (b) high 
resolution scan of O 1s, (c) high resolution scan of Mg 2p, and (d) a complete scan for PTF-
Mg. 
 
The synthesis of the PTF-Mg is also supported by the X-ray photoelectron spectra (XPS) 
data shown in Fig.4.21. All binding energies were referenced to the C1s peak at 284.8 eV. 
C1s peak of the PTF-Mg can be fitted to 284.28, 284.79, 285.52, and 286.53 eV which 
correspond to aliphatic carbon (-C-), aromatic carbon (C=C), aromatic carbon (C=C-O), and 
aromatic carbon bonded with O atom (C=C-O), respectively (Fig.4.21a). Similarly, O1s peak 
of the PTF-Mg can be fitted to 531.42 eV (C=O), 532.17 eV (C-OH) and 533.14 eV (C-O) 
(Fig.4.21b). The binding energy of Mg 2p peak can be fitted into 50.02 and 50.91 eV both 
correspond to Mg-O bond (Fig.4.21c). In addition, peaks at binding energy 978 eV, 306.75 







Figure 4.22: PXRD of PTF-Mg. 
 
The PXRD profile of the PTF-Mg complex does not contain any sharp signals which 
confirms that the PTF-Mg is an amorphous material with absence of long-rang order (Fig. 
4.22).  
4.4.2.6 Surface area and pore size distribution analysis 
 
 
Figure 4.23: (a) Nitrogen adsorption-desorption isotherms at 77K, and (b) calculated NLDFT 
pore size distribution for PTF-Mg. 
 
The specific surface area and pore size distribution (PSD) of the PTF-Mg were measured by 
nitrogen adsorption-desorption isotherms at 77K and 1 bar. The nitrogen adsorption isotherm 
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shows a steep gas uptake at relatively low pressures which becomes flat in the middle region, 
confirming microporous nature of the PTF-Mg (Fig. 4.23a). The results indicate that the 
PTF-Mg has BET surface area and Langmuir surface area up to 128 m2/g and 206 m2/g, 
respectively. The surface area of the PTF-Mg is lower than the values of  many MOFs, 
activated carbons and phloroglucinol-terephthaldehyde based network without metal 
incorporation, [1, 5-8, 140, 172, 174] but comparable to the reported Kubas type metal 
hydrazide gel materials. [2-4, 10]  
The DFT pore size distribution calculated from N2 adsorption-desorption isotherms at 77K is 
presented in Fig. 4.23b. The results indicate that the PTF-Mg shows a narrow range of nano-
pores and the total pore volume up to 0.23 cm3/g. 
4.4.2.7 Scanning electrochemical microscope (SEM) 
 
 
Figure 4.24: SEM micrograph of PTF-Mg. 
 
The porous structure of the PTF-Mg is further investigated by scanning electron microscopy 
(SEM). The SEM image of the PTF-Mg (Fig.4.24) confirms that a series of agglomerates are 
interconnected to each other to form a continuous porous network. These amorphous loosely 
packed structures of the PTF-Mg are important in enhancing the accessibility of adsorbate 
molecules to the active metal sites of the host material. [164]  
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4.4.2.8 Hydrogen storage measurement 
 
 
Figure 4.25: (a) Excess hydrogen capacity of PTF-Mg, and (b) hydrogen excess capacity at 
298K in ten fully reversible adsorption-desorption cycles up to 100 atm pressure. 
 
The hydrogen adsorption-desorption isotherms of the PTF-Mg sample at 77K and 298K were 
measured and the results are shown in Fig. 4.25a. The hydrogen adsorption isotherms 
increase linearly with the applied pressure without saturation, as has been commonly seen in 
Kubas type hydrazide gel materials.[2, 3, 10] The isotherm at 77K confirms that the 
maximum excess hydrogen storage capacity is approximately 0.8 wt% at 100 atm, which is 
substantially lower than the capacity of high surface area materials. [1, 8] In addition, the 
PTF-Mg shows hydrogen storage capacity of 0.5 wt % at 298K and 100 atm, which is 
comparable to the previously reported hydrogen storage capacities of the exposed metal 
MOFs, [1, 88, 135, 170] but lower than some of the Kubas type metal hydrazide gel 
materials. [2-4, 10] The reversibility of the hydrogen storage on the PTF-Mg and the long 
term cyclic stability were confirmed by ten fully reversible hydrogen adsorption-desorption 




Figure 4.26: (a) Hydrogen adsorption at 298K and 273K, and (b) calculated heat of 
adsorption by using Clapeyron-Clausius equation. 
 
To support this deduction, the isosteric heat of adsorption was calculated from the isotherms 
at 273K and 298K by using Clausius-Clapeyron equation (Fig. 4.26a). The isosteric heat of 
adsorption up to 13.2 kJ/mol supports the strong host-H2 interactions (Fig. 4.26b). The strong 




Highly cross-linked phloroglucinol-terephthaldehyde framework based organo-metal 
complexes were synthesized successfully. The synthesized PTF-Fe, PTF-Cr and PTF-Mg 
complexes show an excess hydrogen storage capacity of 1.58 wt%, 2.0 wt% and 0.5 wt% at 
298K and 100 atm, respectively. The high hydrogen uptakes of these materials are supported 
by a high isosteric heat of adsorption and EPR measurements. The isosteric heat of 
adsorption for hydrogen on PTF-Fe, PTF-Cr and PTF-Mg complexes are calculated up to 
































In this chapter, the ionic solid materials resembling to Grignard reagent were synthesized 
where the divalent magnesium is highly exposed due to delocalization of the charges derived 
from magnesium. The ionic solid material (INS) interacts with molecular hydrogen strongly 
via highly exposed magnesium cations at room temperature. The highly exposed cations in 
the material make it possible to attract electrons from the bonding σ -orbital of H2 to induce 
polarization, which gives rise to an enhanced interaction force between hydrogen and the 
host material.  




Synthesis of Ph-INS complex 
Phenol (1g, 10.6 mmol) was added to methylmagnesium chloride (10.6 mmol) in THF, and 
the mixture was stirred at -78oC for 12 hrs. The observed white precipitate was treated with 
potassium tetrafluoroborate (1.34g, 10.6 mmol) at 50 oC for 24 hrs. [175, 176] The reaction 
was done under argon atmosphere. The precipitated potassium chloride was filtered off and 
weighed to check for completion of the reaction. The solvent was removed under a reduced 




Scheme 5.1: Synthetic protocol for the Ph-INS compound. 
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5.2.2 Results and Discussions 
	
5.2.2.1 Elemental Analysis (EA) 
	
Table 5.1: Elemental analysis data of Ph-INS. 
Ph-INS C % H % Mg % B % F % Cl % 
Expected 35.29 2.47 11.90 5.29 37.21 - 
Found 32.96 2.60 12.50 3.85 27.05 5.03 
 
5.2.2.2 Thermal gravimetric analysis (TGA) 
 
 
Figure 5.1: TGA thermograms of phenol and Ph-INS under nitrogen atmosphere at 5oC/min 
heating rate.  
 
Successful synthesis of the Ph-INS complex is supported by elemental analysis data that 
yields reasonable match between the expected and the detected data (Table 5.1). The TGA 
thermograms of phenol and the INS are displayed in Fig. 5.1. Substantially higher 
degradation temperature and higher char residue for the INS compound than the 
corresponding properties for phenol are observed, indicating a successful synthesis of the 
target material. The steep degradation transition at 160 oC for the INS is attributed to the 
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degradation of tetrafluoroborate anion. [115] The results suggest that the material is 
thermally stable up to 160 oC. 
5.2.2.3 Fourier transform infrared spectroscopy (FTIR) 
 
 




Table 5.2: Table of characteristics IR absorption peaks of the Ph-INS complex. 
 
Adsorption peak (cm-1) Appearance Type of bonds 
2927 cm-1 weak C-H (aromatic) 
1616, 499, 1414 cm-1 strong C=C (aromatic) 
1197, 1611 cm-1 Strong B-F Str. (BF4) 









Figure 5.3: PXRD of Ph-INS. 
 
The PXRD of the MTF-Fe is shown in Fig. 5.3.  The results confirm the amorphous nature of 
the Ph-INS complex.  
 
5.2.2.6 Surface area and pore size distribution analysis 
 
 
Figure 5.4: (a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, and (b) pore size 
distribution calculated from the nitrogen adsorption-desorption isotherms at 77K by applying 
the BJH pore size analysis method. 
 
The nitrogen adsorption-desorption isotherms at 77K (Fig. 5.4a) were used to measure the 
porous properties and surface area of the INS material. The isotherms exhibit a steep gas 
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uptake at relatively low pressures, which becomes flat in the middle region. This behaviour 
confirms the mesoporous nature of the compound. The measured BET surface area and 
Langmuir surface area for the INS are 165m2/g and 263m2/g, respectively. The Barrett-
Joyner-Halenda (BJH) pore size analysis (Figure 5.4b) confirms a uniform pore size 
distribution with a pore size up to 2.4 nm. Moreover, the total pore volume is 0.092cm3/g.  
 
5.2.2.7 Scanning electrochemical microscope (SEM) 
 
 
Figure 5.5: SEM micrograph of Ph-INS complex. 
 
The mesoporous structure was further investigated by scanning electron microscopy (SEM). 
The SEM image (Fig. 5.5) reveals that a series of agglomerates are interconnected to each 
other to form a mesoporous structure. The porosity in the structure may be generated due to 
the spherical geometry of the tetrafluoroborate anion. These amorphous, loosely packed 
structures are important for enhancing the accessibility of adsorbate molecules to the active 






5.2.2.8 Hydrogen storage measurement 
 
 
Figure 5.6: (a) Excess hydrogen uptake for Ph-INS complex at 298K and 77K, and (b) excess 
hydrogen uptake at 298K and 100 atm in five reversible adsorption-desorption cycles for Ph-
INS complex. 
 
The hydrogen adsorption-desorption isotherms at 298K and 77K are shown in Fig. 5.6a.  The 
isotherms show a linear hydrogen adsorption curve up to 0.24 wt % at 298K and 100 bar and 
0.5 wt% at 77K and 100 bar pressure, respectively. This excess hydrogen uptake at 298K 
confirms the presence of active sites in the INS. The low ionization potential of magnesium 
and the strong charge delocalization of the counter ions collectively facilitate the electrostatic 
interaction between H2 and the host. The excess hydrogen uptake capacity in the INS at 298K 
is comparable to what was observed previously in materials with active metal sites, such as 
SNU-21S (0.26 at 70 bar) [94], SNU-21H (0.18 at 70 bar) [94], Ni(dhtp)2 (0.3 at 70 bar) 
[143], Mg2(dobdc) (0.42 at 100 bar) [96] and Cupeip (0.46 at 100 bar) [90]. The cyclic 
stability of the compound is demonstrated in Fig. 5.6b through five fully reversible 
adsorption-desorption cycles at 298K and 100 atm. INS shows excess uptake up to 0.5 wt% 
at 77K due to the availability of the specific surface area up to 165m2/g. In addition, the 
calculated isosteric heat of adsorption up to 6 kJ/mol supports the hydrogen storage capacity 




Figure 5.7: Isosteric heat of adsorption for hydrogen on Ph-INS complex calculated from 
isotherms at 298K and 273K by using Clapeyron-Clausius equation. 
 
Table 5.3: Calculated adsorption energy, adsorption capacity and average metal-hydrogen 















Ph-INS INS+1H2 -15.99 0.98 2.239 Ao 
INS+2H2 -14.44 1.94 2.285 Ao 
INS+3H2 -10.84 2.88 2.404 Ao 
INS+4H2 -8.70 3.80 2.613 Ao 
 
To better understand the experimental results, the DFT calculations were performed to gain 
insight into the interaction strength between H2 and the host by sequentially uploading H2 
molecules onto the active site till full saturation. It was found that each Mg di-cation in the 
complex is capable of hosting up to 4 H2 molecules with monotonically reduced average 




5.3 Phloroglucinol based ionic solid (Phl-INS) compound 
 
5.3.1 Experimental 
Synthesis of Phl-INS 
Phloroglucinol (0.5g, 3.96 mmol) was added to methylmagnesium chloride (11.89 mmol) in 
THF, and the mixture was stirred at -78oC for 12 h. The observed yellow precipitate was 
treated with potassium tetrafluoroborate (1.5g, 11.89 mmol) at 50 oC for 24 h. [175, 176] The 
reaction was done under argon atmosphere. The precipitated potassium chloride was filtered 
off and weighed to check for completion of the reaction. The solvents were removed under a 
reduced pressure by using a rotary evaporator. Final drying was done at 80 oC under vacuum 
in a tube furnace to produce a yellow powder with a yield of 77 %. ESI MS: (-) 87.3 (BF4-) 
 
Scheme 5.2: Synthetic protocol for the Phl-INS compound. 
 
 
5.3.2 Results and discussions 
 
5.3.2.1 Elemental analysis (EA) 
 
Table 5.4: Elemental analysis data of Phl-INS. 
Phl-INS C % H % Mg % B % F % Cl % 
Expected 15.79 0.66 15.98 7.11 49.95 --- 






5.3.2.2 Thermogravimetric analysis (TGA) 
 
 
Figure 5.8: TGA-DTG thermogram of the Phl-INS complex under nitrogen atmosphere at 5 
oC/min heating rate. 
 
Successful synthesis of the Phl-INS complex is supported by elemental analysis data that 
yields reasonable match between the expected and the detected data (Table 5.4). The TGA-
DTG thermogram of the Phl-INS complex is displayed in Fig. 5.8. The steep degradation 
transition ca. at 176 oC for the Phl-INS complex is attributed to the degradation of 
tetrafluoroborate anion. [115] The initial 5 % weight loss before 120 oC is attributed to the 














Figure 5.9: FTIR spectrum of Phl-INS complex. 
 
Table 5.5: Table of characteristics IR absorption peaks of the Phl-INS complex. 
Adsorption peak (cm-1) Appearance Type of bonds 
 2920 cm-1 weak C-H (aromatic) 
1625, 1500, 1417 cm-1 strong C=C (aromatic) 
 1165, 1199 cm-1 Strong B-F Str. (BF4) 










The PXRD profile of the Phl-INS complex does not contain any sharp signals which 




5.3.2.6 Surface area and pore size distribution analysis 
 
 
Figure 5.11: (a) Nitrogen adsorption-desorption isotherms at 77K and 1 bar, and (b) pore size 
distribution calculated from the nitrogen adsorption-desorption isotherms at 77K by applying 
the DFT pore size analysis method. 
 
The nitrogen adsorption-desorption isotherms at 77K and 1 atm (Fig. 5.11a) suggest that the 
Phl-INS material is mainly mesoporous. The compound displays BET surface area of 115 
m2/g and Langmuir surface area of 153 m2/g, respectively. The surface area of the Phl-INS 
material is lower than the surface area of the reported MOFs, [1, 130, 135] and porous carbon 
materials. [8, 140]  DFT pore size analysis (Figure 5.11b) confirms a wide pore size 









Figure 5.12: SEM micrograph of Phl-INS complex. 
 
The SEM micrograph of the Phl-INS material reveals a general morphology of the material 
which is the best described as aggregates of the particles (Fig. 5.12). These aggregates form a 
continuous porous structure. The porosity in the Phl-INS complex may be generated due to 
the spherical geometry of the tetrafluoroborate anion.  
5.3.2.8 Hydrogen storage measurement 
 
 
Figure 5.13: (a) Excess hydrogen uptake for Ph-INS complex at 298K and 77K, and (b) 
excess hydrogen uptake at 298K and 100 atm in seven reversible adsorption-desorption 
cycles for Phl-INS complex. 
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The hydrogen adsorption-desorption isotherms at 298K and 77K are shown in Fig. 5.13a.  
The adsorption isotherm shows a linear hydrogen uptake without saturation up to 0.9 wt % at 
298K which is higher than some reported MOF materials, such as SNU-21S (0.26 at 70 bar) 
[94], SNU-21H (0.18 at 70 bar) [94], Ni(dhtp)2 (0.3 at 70 bar) [143], Mg2(dobdc) (0.42 at 
100 bar) [96] and Cupeip (0.46 at 100 bar), [90] and comparable to the some Kubas type 
metal hydrazide gel materials, such as H2-Cr-MHz (1.0) (1.65 wt% at 85 atm),[3] vanadium 
hydride gel C150 (1.17 wt% at 85 atm),[142] and manganese hydride gel B100 (1.06 wt% at 
85 atm). [2] 
The isotherm at 77K reveals that the maximum hydrogen storage capacity is approximately 
1.3 wt% at 100 atm, substantially lower than the capacity of high surface porous materials.[1, 
8] The results imply that the surface area of the Phl-INS material might be too small to 
accommodate a large amount of hydrogen. 
The cyclic stability of the compound is demonstrated in Fig. 5.13b through seven fully 
reversible adsorption-desorption cycles at 298K and 100 atm. 
 
 
Figure 5.14: (a) excess hydrogen uptake at 298K and 273K, and (b) Isosteric heat of 
adsorption for hydrogen on Phl-INS complex calculated from isotherms at 298K and 273K 




The strong host-H2 interactions is supported by the isosteric heat of adsorption derived from 
the measured isotherms at 273K and 298K using the Clausius-Clapeyron equation 




Table 5.6: Calculated adsorption energy, adsorption capacity and average metal-hydrogen 













Phl-INS INS+3H2 15.69 1.32 
INS+6H2 13.63 2.65 
INS+9H2 11.33 3.94 
INS+12H2 8.32 5.30 
 
 
For better understanding of the experimental results, the DFT calculations were performed to 
gain insight into the interaction strength between H2 and the host by sequentially uploading 
H2 molecules onto the active site till full saturation (Table 5.6). It was found that each Mg 
dication in the complex is capable of hosting up to 4 H2 molecules with monotonically 






Ph-INS and Phl-INS ionic solid materials were synthesized for hydrogen storage via 
physisorption. The synthesized Ph-INS and Phl-INS materials show an excess hydrogen 
storage capacity of 0.23 wt% and 0.9 wt% at 298K and 100 atm, respectively. The hydrogen 
storage capacities are supported by the isosteric heat of adsorption up to 6 and 12 kJ/mol for 


















































6.1 Conclusions and future work 
The objective of this work was to develop novel high capacity hydrogen storage materials at 
near ambient temperature condition via physisorption. The physisorption involves the 
binding of an H2 molecule to a surface without the formation of a chemical bond, thus the 
process is fully reversible. [1] This research topic has a particular significance for the 
ongoing research for the development of high capacity hydrogen storage materials for on-
board application. [11] 
It is demonstrated that an ideal adsorption enthalpy about 15-20 kJ/mol is required to 
optimize the usable capacity of a physisorption storage system at room temperature. [124, 
125] Exposed metal functionalized materials show stronger host-H2 interactions and higher 
heat of adsorptions than the materials without exposed metal sites. [88, 145] In this work, 
novel polymeric materials with exposed metals were synthesized and demonstrated for the 
high capacity hydrogen uptake at 298K.  
In Chapter 3, cross-linked melamine-terephthaldehyde framework (MTF) functionalized with 
exposed metal sites were synthesized. The synthesized MTF-Fe, MTF-Cr and MTF-Mg 
compounds possess high thermal stability (> 400oC), which is comparable to the reported 
values of the MOF materials, but higher than the values of the metal hydrazide gel materials. 
[1-4] Furthermore, MTF-M (M=Fe, Cr and Mg) materials show a moderate BET surface area 
ranging from 100 to 200 m2/g, comparable to the surface area of the metal hydrazide gel 
materials. [1-4] The excess hydrogen storage capacities of the MTF-Fe, MTF-Cr and MTF-
Mg materials are found up to 1.7, 1.8 and 0.8 wt% at 298K and 100 atm, respectively, higher 
than the reported capacities of many open metal sites MOFs, zeolites and porous carbon 
based adsorbents, and comparable to the capacities of the metal hydrazide gel materials. [1-9] 
The high hydrogen capacities are attributed to the exposed metal sites of the MTF materials, 
well supported by the high isosteric heat of adsorption found up to 14.8, 14.5 and 14.6 
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kJ/mol for the MTF-Fe, MTF-Cr and MTF-Mg materials, respectively. In addition, for the 
MTF-Fe and the MTF-Cr material, the metal hydrogen interaction was further confirmed by 
electron paramagnetic resonance (EPR) spectroscopy. The MTF-Fe, MTF-Cr and MTF-Mg 
materials show an excess hydrogen uptake of 2.2, 2.5 and 1.5 wt% at 77K and 100 bar, 
respectively,  mainly due to low surface area of the MTF materials.  
 
In Chapter 4, cross-linked phloroglucinol-terephthaldehyde framework (PTF) functionalized 
with exposed metal sites were synthesized. Like MTF-M materials, the synthesized PTF-Fe, 
PTF-Cr and PTF-Mg compounds also own high thermal stability (> 400 oC) and a moderate 
BET surface area ranging from 95 to 150 m2/g. The surface area of the PTF-M (M=Fe, Cr 
and Mg) materials are found lower than most of the MOFs, zeolites and porous carbon based 
adsorbents, but comparable to the metal hydrazide gel materials. [1-4] The excess hydrogen 
storage capacities of the PTF-Fe, PTF-Cr and PTF-Mg materials are found up to 1.58, 2.0 
and 0.5 wt% at 298K and 100 atm, respectively. The excess hydrogen uptake of 2.0 wt% at 
298K and 100 atm for the PTF-Cr is the highest uptake found to date, among the 
contemporary storage materials under the similar condition of the temperature and pressure. 
[1-9]  The high hydrogen capacities of the PTF-M materials are supported by the high 
isosteric heat of adsorption found up to 13.4, 15.5 and 13.2 kJ/mol for the PTF-Fe, PTF-Cr 
and PTF-Mg materials, respectively. In addition, for the PTF-Fe and the PTF-Cr material, the 
metal hydrogen interaction was further validated by electron paramagnetic resonance (EPR) 
spectroscopy. The PTF-Fe, PTF-Cr and PTF-Mg materials show an excess hydrogen uptake 
of 2.0, 2.5 and 0.8 wt% at 77K and 100 bar, respectively,  mainly due to low surface area of 




In Chapter 5, ionic solid (INS) compounds functionalized with exposed magnesium metals 
were synthesized. The synthesized Ph-INS and Phl-INS compounds show thermal stability 
about 160 oC and 176 oC, respectively. The surface area of the Ph-INS and Phl-INS 
compounds are found up to 165 and 115 m2/g, respectively, comparable to the reported 
values of the metal hydrazide gel materials and lower than the values of many MOFs and 
carbon based adsorbents. The Ph-INS and Phl-INS compounds show an excess hydrogen 
storage capacity up to 0.23 and 0.9 wt%, respectively, comparable to the hydrogen storage 
capacities of many open metal site MOFs and metal hydrazide gel materials. The hydrogen 
uptake capacities are well supported by the isosteric heat of adsorption calculated up to 6 and 
12 kJ/mol for the Ph-INS and Phl-INS compounds, respectively. Similar to the MTF-M and 
PTF-M materials, the Ph-INS and Phl-INS compounds show an excess hydrogen uptake of 




The following conclusions can be drawn from the present study: 
1. Materials with exposed metal sites show higher hydrogen uptake at 298K and higher 
heat of adsorption than the materials without exposed metal sites. Both the high 
hydrogen uptakes and high heat of adsorption, collectively support the strong host-H2 
interaction which arises from the exposed metal sites upon hydrogen adsorption, 
which is further confirmed by ESR measurements.  
2. Low surface area and low pore volume of the materials can cause significant 
reduction in the hydrogen uptake at 77K, as observed in the case of MTF-M, PTF-M 
and INS materials.  
135 
 
3. Cross-linked porous frameworks possess high thermal and structural stability which 
may provide a long term cyclic stability during the adsorption-desorption process. 
4. The synthesized materials functionalized with exposed transition metals (Fe and Cr) 
show higher hydrogen uptake than the magnesium functionalized materials (MTF-Mg 
and PTF-Mg), may be attributed to variable oxidation states and high coordination 
numbers of the transition metals as compared to the magnesium. 
 
 
On the basis of the conclusion drawn from the present work, the following suggestions are 
made for the future study: 
1. Since most of the transition metals show variable oxidation states along with different 
coordination numbers, it would be worthwhile to explore the complexes of first row 
transition metals with MTF and PTF for room temperature hydrogen storage. 
2. As the present study is restricted to the MTF and PTF complexes, several other high 
surface area materials could be investigated for room temperature hydrogen 
physisorption via functionalization with transition metals. 
3. The MTF and PTF complex, in the association with exposed metals, could be utilized 
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